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ABSTRACT 
Polymer pipes have been used in water distribution networks in the UK 
since the 1950’s.  Prior to this, the water system implemented in the 
Victorian era had served the country for over 100 years.  In more recent 
times, the Victorian pipe system has undergone extensive renovation.  
Much of this has required the replacement of the old network using 
polymer pipes, which are expected to have a working life of 50-100 years. 
The value of using polymer water pipes has been studied for many 
decades.  Specifically, research has used set conditions to determine 
overall pipe in-service lifetime.  However, these set conditions often do not 
mirror reality; in-service pipes experience and must cope with, different 
loads, varying soil types and changeable chemical composition of water 
additives.  As a result, water companies currently have no methodology to 
accurately determine the remaining in-service life of their polymer pipes. 
Currently, a water pipe is only replaced when it has failed, or is deemed to 
have reached the end of its in-service life.  The ability to do small scale 
tests to obtain accurate service life information would greatly benefit the 
planning of works and the locating of sites where pipes are no longer fit for 
service.  This in turn would improve cost effectiveness of pipe replacement 
works and importantly, maintain good customer-relations. 
This thesis aimed to review how different techniques could be utilised to 
predict the overall lifetime of polymer pipes under various, more realistic 
conditions, and to critically assess each for suitability and accuracy.  To 
thoroughly investigate each of these techniques, tests were carried out on 
polyethylene pipes.  Two different polyethylene grades currently used by 
Thames Water were tested: PE100 used mostly as the central main 
pipeline and PE80 used to connect the mains to the customer.  
Accelerated ageing was employed to artificially age pipe material for 
varying periods of time and under different stresses and temperatures. In 
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order to quantify the incurred effects upon the polymer pipe, specific 
markers pertaining to polymer carbonyl content, crystallinity, density and 
susceptibility to thermal oxidation were subsequently investigated.  
Extrapolation methods were then used to identify suitable markers for 
determining remaining in-service lifetime of polymer pipe. 
The results presented in this thesis are of numerous chemical evaluations 
carried out on various aged polyethylene samples.  The identification and 
subsequent use of appropriate chemical evaluation techniques allowed the 
generation of a method that ranked pipes in terms of replacement priority. 
Furthermore, these results indicate that polyethylene degrades via a 
different mechanism in Arkopal as compared with water; it appears that 
Arkopal promotes polymer chain disentanglement, not oxidation-related 
embrittlement. 
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Chapter 1 GENERAL INTRODUCTION 
1.1 Introduction 
Pipes have been used to supply water in the UK for thousands of years; 
they were first used by the Romans, where lead was the chosen material 
(Figure 1–1).  Other materials including hollowed tree trunks and clay were 
also used for these first pipes.  Early pipe networks were confined to the 
cities, then, during the Industrial Revolution this network increased to 
include smaller urban, suburban and rural areas.  The pipes of the 
Industrial Revolution were normally made from cast iron (Figure 1–2) [1,2].  
In the 1960s plastic polyethylene pipes began to be introduced, initially for 
new service pipes and then as replacement service pipes.  New, improved 
polyethylene pipe material for both mains and service pipe sizes were 
brought into service in the 1980s and 1990s and these exhibited even 
better working properties.  As of 2003, 13% of the estimated 345,000km of 
water mains in the UK were polyethylene pipe [3] and this proportion is 
increasing. 
 
Figure 1–1 — A Roman lead water pipe found in Chester aged around 80AD.  (Taken from 
www.chestertourist.com) 
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Figure 1–2 — The installation of a cast iron pipe on the Euston Road, London in the 1920s, 
the amount of disruption can be seen on the left.  (Taken from www.thameswater.co.uk) 
These new polyethylene pipes had many advantages over the pipe 
materials which had previously been used in the mains network.  Pipes 
were now lightweight, ductile and easy to manufacture in different 
pressure classes, diameters and lengths.  These characteristics allowed 
pipes to be easily laid and new methods for installation used, which also 
reduced disruption (Figure 1–3).  Polyethylene pipes are also resistant to 
corrosion and attack from most chemicals; this contributes to the 
exceptional lifetime expectancy [4].  Additionally, the material properties of 
polyethylene mean that pipe walls can be made thinner, thus increasing 
the flow rate, while reducing the material costs. 
 
Figure 1–3 — Modern day installation of polyethylene pipes using directional drilling, far 
less disruption can be seen as only small trenches are required.  (Taken 
from www.thameswater.co.uk) 
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Polyethylene pipes have been found to fail in three different ways: 
mechanical failure, rapid crack propagation (RCP) and slow crack growth 
(SCG).  Mechanical failure normally occurs at the joints of pipes which 
have been poorly installed; a build up of mechanical stress, which is 
greater than the yield strength of the pipe, causes failure to occur.  RCP 
normally only occurs at low temperatures (below 2°C ), where a quantity of 
air is present in the water and is caused by a sudden impact on the pipe; 
this travels at high speeds (up to 100m/s) along the length of the pipe, 
destroying large sections.  The new ranges of polyethylene pipe are 
resistant to RCP and the mechanisms associated [5].  As a result, RCP is 
more common in polyethylene pipes used to supply gas which is 
transported at a lower temperature, and is not found in properly specified 
polyethylene pipe material in water distribution networks.  The most 
common reason for failure of correctly installed water pipes is SCG.  In 
SCG a small defect or scratch in the pipe, caused during manufacture or 
installation, causes a stress concentration which is susceptible to 
degradation.  This degradation causes embrittlement of the pipe material, 
which leads to the slow growth of the crack, until it reaches a critical size 
and failure occurs.  Polyethylene pipes are also resistant to both internal 
and external corrosion and are unaffected by most chemicals.  All of these 
properties combined have meant that polyethylene pipes are expected to 
last 50 years [6]. 
There has been a significant amount of research carried out to obtain the 
overall life time of these new polyethylene pipes [7-10], but relatively little 
which considers pipes currently in-service.  With a large amount of new 
polyethylene pipe being added to the water distribution network yearly, it is 
important for water companies to be able to predict when a pipe will need 
to be replaced.  This helps with planning and cost management, as well as 
preventing leaks and bursts, which cause disruption and damage 
consumer-supplier relationships. 
It is difficult to replicate how a pipe degrades in-service, since failures are 
expected to take over 100 years.  Hence, acceleration and extrapolation 
techniques need to be employed in order to obtain accurate predictions.  
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These predictions can then be used to help plan when certain pipes are 
likely to fail and need replacing. 
Currently, areas of high leakage are monitored and pipes replaced as and 
when required.  However, a system which would allow an insight into the 
mechanical and chemical properties of the pipes is not currently available.  
The ability to measure the properties of the pipes would allow the amount 
of deterioration to be determined and monitored.  There is a need for a 
prediction tool which can be used to determine the probable remaining life 
time of a polyethylene water pipe. 
1.2 Project Aims 
The principal aim of this project was to develop a method that could be 
used by water utility companies to predict the probable remaining in-
service lifetime of a given polyethylene pipe in their network.  As well as 
the remaining time, but the age of the pipes was also required to be 
determined.  As pipes in-service are not available for testing, as they can’t 
be exhumed for this project and also material aged for significant amount 
of time does not exist; the method must be obtained using acceleration 
techniques and extrapolation to in-service conditions.  Acceleration 
techniques were employed so that the planned works could be completed 
within the time available.  The need for accelerated testing was 
additionally required so that the method could established as a feasible 
method for water utility companies to obtain the necessary data for 
different polyethylene blends used in pipes.  The method hence had to be 
easily set-up in their existing test facilities and simply carried out. 
To achieve this principal aim, several subsidiary objectives were also 
required.  A thorough study of current knowledge on polyethylene pipe 
degradation was necessary; this would allow a comparison of previous 
results with those obtained in this study.  An investigation of current 
analysis techniques and how they indicated the occurrence of degradation 
in polyethylene was also required to help with the modelling of the results.  
Methods of accelerated ageing and extrapolation to service conditions 
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were also analysed and the most appropriate method for the time 
available selected. 
Once the accelerated ageing process was selected, experiments would be 
required to test the analytical methods and markers in a laboratory 
situation, errors and suitability could then be investigated.  This then led to 
the final objective of determining which method or methods would be 
appropriate. 
1.2.1 Characteristics of the Chemical Markers 
As with many reactions, a marker can be used to access the extent of 
change.  In the case of polymer degradation via oxidation, there are 
several possible outputs which can be monitored and used as chemical 
markers.  Specifically, the chemical marker or markers used to determine 
the age and remaining lifetime of a polyethylene pipe must have several 
specific characteristics.  These characteristics are: 
• There should be a consistent relationship between the degradation 
of the chemical marker and deterioration of the material. 
• The method should show good repeatability and be sufficiently 
robust so that an operator can obtain and analyse the results 
properly with minimal training. 
• The chemical marker should preferably follow an increasing 
exponential model, so that as the material gets closer to failure the 
variation in values are greater. 
• The values of the markers shown by the virgin material must be as 
constant as possible, as should be the values at failure. 
• The method should have a small experimental uncertainty, so that 
an accurate determination of age can be made from the values 
obtained. 
The best chemical marker would show all of these characteristics, 
however, in reality, the ideal marker would exhibit the largest number of 
these characteristics, however it is expected that a combination of several 
markers would have to be used. 
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These five characteristics for the ideal chemical marker are set out as to 
allow the production of repeatable and reliable results.  Because various 
blends of polyethylene are used within the water services industry the 
chemical marker used must be flexible enough in its properties to 
accommodate each blend and still produce repeatable and accurate 
results.  Ideally the chemical marker properties would also endear it to 
other polymers also used in the water industry, of which PVC and 
polyamide are two such examples. 
The marker needs to have a consistent relationship with the time of ageing 
and remaining in-service life.  This is necessary so that any arbitrary 
sample may have its age determined, within a scope of uncertainty, for 
individual circumstances.  These could include increased traffic loading as 
is seen at crossroads or in areas where soil type increases the rate of 
degradation.  The relationship must allow a statement to be made which 
predicts that a pipe will have a low probability of failing in the next number 
of years.  It is also very important that the relationship has a chemical or 
mechanical backing, so that predictions are related to theory, not just 
arbitrary markers; these markers only decay at the correct rate and are not 
related to the degradation of the pipe.  For certain pipes the age of the 
pipe would be known from records; however this would not always be the 
case. 
The method for obtaining the chemical marker has to be easily repeatable 
and analysed so that an accurate determination of the remaining in-
service time is possible.  The methodology should also be relatively quick 
and cheap to perform in order to keep control of the maintenance of the 
vast number of water pipes in the UK.  Preferably the marker should be 
able to be determined from a small amount of material, which does not 
require significant disruption for collection. 
The test must also be robust and easy enough to understand, so that it 
may be carried out by general operators and not necessarily skilled 
chemical analysts.  The ease, speed and reliability of the test are essential 
to the water utilities company in order to be able to replace weak sections 
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of pipe.  A method which could be performed onsite would also be 
advantageous, but not essential. 
The mode in which the chemical marker deteriorates was also important 
when determining the remaining in service life.  If the marker follows an 
exponential decay trend then the value of the marker does not increase 
significantly over time.  Conversely, if the marker follows an exponentially 
increasing trend then for each small increment of time the difference in 
marker value is much greater.  As a result an exponentially increasing 
trend is preferable and it allows easier determination of the remaining life 
time. 
The chemical marker used must have a consistent virgin value in the 
material tested.  It was also necessary that the value for chemically 
induced brittle failures had similar values so that a consistent end point 
could be determined.  The need to have a consistent value for the virgin 
chemical marker was so that material already installed could be analysed 
using this end point methodology.  This also means that not every piece of 
pipe installed has to be tested before installation, but a sample virgin value 
can be taken and used. 
Most importantly the methodology used in determining the marker must 
have a low experimental uncertainty and a small scatter of results.  These 
characteristics are required of the chemical marker in order to allow the 
accuracy of the results to be relied upon.  In turn this means that accurate 
predictions can be made in confidence and that proper plans for 
replacement consequently orchestrated. 
1.3 Thesis Outline 
A thorough investigation of current literature and understanding of 
polyethylene degradation, with particular emphasis of the degradation of 
polyethylene pipes, is shown in Chapter 2.  This also included an 
investigation into extrapolation techniques and methods for accelerating 
the degradation of polyethylene which are currently being used in industry. 
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Chapter 3 describes the materials and methods used in this investigation; 
these include a detailed description of the ageing method used and a 
description of the experimental procedure employed to obtain the chemical 
and physical markers. 
Chapter 4 and Chapter 5 detail the results obtain for the aged material.  
The results are broken up into the initial results obtained on unstressed 
samples (Chapter 4) and stressed samples aged in both water and the 
accelerating environment (Chapter 5).  Using different ageing 
environments would allow comparison between the ageing mechanisms 
and was required after initial results were obtained and analysed. 
Chapter 6 analyses the results obtained in Chapter 4 and Chapter 5, and 
extrapolates specific results to operating conditions.  A final method for 
determining the in-service life time is then outlined. 
Finally, Chapter 7 presents conclusions and recommendations for future 
work.  These include the possible methods for improving upon the testing 
methods used here, as well as ways of increasing the reliability of the 
predictions made. 
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Chapter 2 LITERATURE REVIEW 
This chapter will review the extensive research carried out into 
polyethylene, providing concise information pertaining to its origins, 
manufacturing and use in industry.  This collated information will thus 
provide the basis to the research presented in this thesis. 
Firstly a general review into the material polyethylene has been 
performed.  Typical production methods and properties are discussed and 
leads to the use of polyethylene as a material for pipes in water 
distribution networks, a specific case study on the Victorian Mains 
Replacement project was also performed. 
The degradation mechanisms commonly seen in polyethylene are then 
presented with specific focus on the degradation seen in water pipes and 
analytical methods used to determine the amount of degradation that has 
occurred. 
Methods to extrapolate the data obtained in accelerated ageing methods 
to in-service conditions were also examined, as well as methods currently 
proposed to determine the life expectancy of pressurised water pipes. 
Finally methods currently used to accelerate the ageing and failure of 
polyethylene pipes are studied, these are divided into two groups those 
that perform tests on full pipe sections and those performed on test pieces 
obtained from pipes or made from the same material as the pipes, but 
extruded differently. 
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2.1 Polyethylene 
Polymers are a group of chemical compounds which are generated by the 
polymerisation of their corresponding monomer.  Polyolefins are a subset 
of polymers which contain only saturated hydrocarbon chains (i.e. no 
carbon-carbon double bonds), the chemically simplest of which is 
polyethylene.  Generated from the monomer ethylene, polyethylene is a 
thermo-set plastic and can be produced in a wide range of densities.  
Variations in manufacturing allow low density polyethylene to be used for 
plastic shopping bags, whilst higher density counterparts maybe employed 
for production of plastic pipes which transport water and gas. 
2.1.1 Chemical Structure 
The chemical structure of polyethylene can be seen below in Figure 2–1. 
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Figure 2–1 — Schematic showing the chemical structure of the ethylene monomer and its 
corresponding polymer, polyethylene (n is the number of monomers present in the polymer 
chain). 
The higher the number of repeating units (n) present in a single molecule, 
the longer the polymer chain. 
During the polymerisation of polyethylene (see section 2.1.2) chain 
branches can form.  These branches may be comprised of many carbon 
atoms, but normally are just one or two carbon atoms in length.  The 
number of branches directly affects the density of the polymer; the 
production of such side chains is common when polymers are generated 
using high pressure polymerisation. Low density polyethylene (LDPE) 
contains around 20–30 branches per 1000 carbon atoms, much higher 
than the 5 to 10 present in high density polyethylene.  Sterically-
constrained polymer chains, i.e. those with a greater number of branches, 
cannot pack together as closely and intermolecular forces (induced 
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dipoles) are reduced, therefore leading to the decrease in mechanical 
properties. 
High density polyethylene (HDPE) produced using other polymerisation 
methods such as the Ziegler or Phillips method [11] results in less 
branching (Figure 2–2), allowing the establishment of stronger 
intermolecular forces. Consequently, the high density polymer produced 
exhibits more favourable properties such as greater mechanical strength 
and increased crystallinity. 
 
Figure 2–2 — The branching of polyethylene, on the left an example of LDPE with large 
number of side chains and on the right an example of HDPE with few side chains. 
2.1.2 Polymerisation 
Before investigating the degradation of polyethylene, it is important to 
understand the numerous methods which are used to produce 
polyethylene, and the different mechanical properties which arise from 
these various manufacturing processes. 
Polyethylene was first produced under laboratory conditions in 1933 when 
a small amount was made in the research department of Imperial 
Chemical Industries [11].  However, the true beginning of polyethylene 
was in 1935 when eight grams of material were produced using small 
scale laboratory set-up.  This began almost 75 years of development of 
different methods of manufacture. 
2.1.2.1 High Pressure Process 
The high pressure process is the main manufacturing method used to 
create low density polyethylene (LDPE).  It uses a free radical reaction 
under high pressure and temperature to convert ethylene gas to 
LDPE
HDPE
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polyethylene.  The process requires the highest purity of ethylene gas 
(above 99.9% purity).  Using pressures between 130–330MPa and 
temperatures of 130–350°C modern tubular reactors c onvert 
approximately 20–40% of the original ethylene into polyethylene.  After the 
polymer is separated it is extruded and cut into pellets before being 
shipped.  By altering the pressure, temperature and with the use of 
different additives at various points of production, the properties (density, 
molecular weight, and molecular weight distribution) of the polymer can be 
changed.  The density of polyethylene produced ranges from 910–
940 kg/m3.  This type of polyethylene is extensively used for the 
production of plastic bags, food packaging and other low density moulded 
containers. 
2.1.2.2 Ziegler Process 
Until 1955 the only type of polyethylene manufacturing was high pressure 
polymerisation.  The German scientist, Karl Ziegler then established a 
method of producing polyethylene at lower pressures.  This process uses 
a catalyst normally prepared from titanium tetrachloride and aluminium 
triethyl, which allows the ethylene gas to be fed into the reactor at 
atmospheric pressure (0.10MPa) at around 100°C.  Po lymerisation then 
occurs in the absence of water and oxygen, forming a slurry comprised of 
the polymer, catalyst and other solvents.  This slurry can then be removed 
from the reactor, and with the treatment of ethanol, water or caustic acid 
the catalyst can be regenerated. 
Polyethylene formed using the Ziegler Process contains fewer side 
branches and hence has a higher density (around 940kg/m3).  By 
modifying catalyst ratio and other parameters, properties (particularly the 
molecular weight) of the final polymer and the yield can be altered.  The 
polyethylene produced using the Ziegler Process is normally designated 
as medium density polyethylene (MDPE). 
2.1.2.3 Phillips Process 
The Phillips process was developed by the Phillips Petroleum company in 
1957.  It uses an inorganic catalyst at moderate temperatures (85–110°C) 
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and pressures (1.4–3.5MPa).  The pressure is much higher than that 
utilised in the Ziegler process, which ensures that fewer branches are 
formed.  Because of this reduced branching, the density of the polymer 
produced is also higher (normally around 960kg/m3), and as a result the 
Phillips process is that most commonly used to produce HDPE. 
The Phillips process involves ethylene, solvent and catalyst (normally 
chromium oxide on a silica alumina) being fed into a loop reactor.  The 
mixture travels around a loop at 5–12m/s to avoid the polymer slurry 
sticking to the sides of the reactor; it then collected at the bottom of the 
reactor and the solvent recovered by hot flashing.  The conversion rate of 
monomer to polymer is between 95–98%, therefore there is no need to 
recover the remaining ethylene to process again.  This is in direct contrast 
to the high pressure process where the conversion rate is much lower. 
2.1.3 Properties 
Typical properties for LDPE and HDPE (produced using the Phillips 
process) are shown in Table 2-1 below. 
Table 2-1 — Typical properties of polyethylene 
Property LDPE HDPE Units 
Density 910–928 940–965 kg/m3 
Youngs Modulus 200–400 600–1400 MPa 
Elongation 600–650 180–1100 % 
Yield Strength 15–20 25–30 MPa 
Thermal Expansion 150–200 110–130 10–6/K 
Thermal Conductivity 0.3–0.335 0.46–0.54 W/(m.K) 
Melting Temperature 125–136 108–134 °C  
Glass Transition 
Temperature 
–110 –110 °C  
2.1.3.1 Mechanical Properties 
The mechanical properties of polyethylene are dependent on its molecular 
weight, density and crystallinity.  Varying any of these properties has 
significant affects on strength and toughness of the final product; hence 
polyethylene can be used for a multitude of applications.  Polyethylene 
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with a lower density and crystallinity is used for food packaging, whereas 
polyethylene of higher density and crystallinity is used to make large water 
and gas pipes. 
Observed properties can vary depending on the test carried out and the 
conditions used; for example, the temperature and rate at which a tensile 
test is carried out can affect the results greatly.  Consequently, care must 
be taken with test conditions so that results can be compared and reported 
in confidence. 
2.1.3.2 Thermal Properties 
Thermal properties of polyethylene, such as melting temperature and 
glass transition temperature, also depend on molecular weight and 
crystallinity.  Under normal conditions, melting occurs between 105–
136°C, which means that it is in a molten or semi m olten state during 
production allowing the slurry to be ‘tapped off’ easily.  The glass transition 
temperature is usually -110°C, which is low enough so that it only needs to 
be considered if polyethylene is used in very low temperature applications. 
In the absence of oxygen polyethylene is stable to around 300°C, however 
this is reduced significantly when oxygen is present, oxidising at around 
250°C.  Above this temperature carbon-carbon bonds in the polymer chain 
begin to break and a reduction in average molecular weight is seen. 
2.1.3.3 Chemical Properties 
Polyethylene is chemically similar to the alkane series of CnH2n+2.  It does 
not react with most acids, alkalis or aqueous solutions.  It is, however, 
susceptible to oxidising agents, which cause a reduction in mechanical 
properties due to the loss of electrons and the subsequent decrease of 
saturated hydrocarbon bonds.  A good example of this is that sulphuric 
acid does not affect polyethylene at room temperature, whereas nitric acid, 
under the same conditions, acts as an oxidising agent, therefore reducing 
the polymer’s mechanical properties. 
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As with the alkanes, chlorine and other halogens can attack polyethylene, 
forcing a substitution reaction to occur.  This can cause embrittlement, 
discolouration and other losses in mechanical performance. 
Oxidation of polyethylene normally occurs at temperatures above 40°C, 
however in the presence of UV light this can occur at much lower 
temperatures.  This is because the energy in the UV radiation is large 
enough to break the chemical bonds and form free radicals.  Pure 
polyethylene does not absorb UV light, due to its fully saturated nature, 
however, other substances generated from the production process and the 
additional additives are susceptible. 
Like many polymers, polyethylene is vulnerable to environmental stress 
cracking.  Environmental stress cracking is often characterised by small 
white cracks on the surface of the polyethylene.  Gutman et al. highlighted 
how a combination of mechanical and environment stress cause 
weaknesses and failures in the polymer [12].  Only in the presence of an 
active environment will polyethylene fail under stress levels normally 
present.  With the presence of the active environment failure will occur, 
and, in fact will happen at a much lower level of stress than expected.  
Although the full mechanism is not completely understood, it is thought 
that the mechanical stress reduces the molecular cohesion of the 
polyethylene. 
2.1.4 Polyethylene Water Pipes 
Polyethylene has been used in the UK for water distribution applications 
since the 1970s.  Both LDPE and HDPE were used in pipe applications 
until the 1980s.  LDPE was then replaced in 1982 by MDPE, this was due 
to reduced manufacturing costs and because the MDPE exhibited 
improved, more useful mechanical properties.  
As of 2003 Polyethylene piping accounted for 13% of water mains in the 
UK [3].  The break down by material can be seen in Figure 2–3. 
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Figure 2–3 — A pie-chart depicting the break-down of material usage, by length used, for 
mains water pipes in 2003.  Total length is 313,000km [3] 
However polyethylene was by far the most common material used for new 
pipes in the UK, with 76% of all new pipes being polyethylene. 
As already highlighted, polyethylene exhibits many properties which make 
it an ideal material for water pipe applications.  The pipes are lightweight 
and flexible compared to previous materials employed, thus allowing the 
utilisation of new installation techniques, such as pipe bursting.  
Polyethylene pipes are hydraulically smoother than the cast iron pipe it is 
replacing; hence polyethylene pipes can be designed with a smaller 
diameter.  Furthermore, the ductility of polyethylene pipes makes them 
unaffected by ground movement, the primary cause of bursts in small 
diameter cast iron pipes.  The polyethylene pipes can be joined using “butt 
fusion welding” methods which reduce the number of mechanical joints 
that tend to be a cause of leaks.  When installed correctly, polyethylene 
pipes can have a service life in excess of 100 years [13].  Finally, 
polyethylene is cheaper to source and install than alternative pipe 
materials. 
There are two main grades of water pipes used in the UK and these are 
controlled by BS EN 12201 [14].  PE100 must have a minimum required 
strength (MRS) of 10MPa at 50 years at 20°C, while PE80 must have an 
PE
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MRS of 8MPa at 50 years at 20°C.  MRS is the pressu re that the pipe can 
withstand after an amount of time in service. 
2.1.4.1 Victorian Mains Replacement: A Case Study [13] 
Thames Water is the largest of the UK’s water companies, serving 13 
million customers, of which 8 million live in London.  Most of London’s 
water pipes were installed in the Victorian era and are made of cast iron.  
At the start of this replacement project approximately 30% of the total 
17,000km water pipe system was over 150 years old and 50%, over 100 
years old (Figure 2–4). 
 
Figure 2–4 — The age of pipes in London, with the oldest pipes obviously centred around 
Metropolitan London [13]. 
Hence in 2002 Thames Water undertook a project to replace nearly 
2000km of pipe by 2010.  The London area is divided up into 975 District 
Metering Areas (DMAs), which allows areas of high leakage to be 
monitored and replaced as and when required.  Water pipes in central 
London must contend with the highly corrosive clay soil, ground movement 
due to ‘shrink-swell’ and withstand a large amount of traffic loading.  As a 
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direct result these areas exhibit the highest leakages, and therefore were 
the focus of the replacement works. 
The choice of pipe material was very important as it had to be: 
• flexible to allow for traffic loading, vibration and ground movements 
• chemically inert to the corrosion of the local clay 
• easy to install, due to the limited access and complicated under 
street service lay outs and possible disruption to traffic flow 
• have a long service life 
• not prone to internal encrustation, which reduces hydraulic capacity 
Thames Water chose to specifically use polyethylene to carry out these 
works; PE100 SDR17 pipes were used for mains and PE80 SDR11 pipes 
were utilised for services (from the mains to the customer).  There were 
concerns about the PE100 only having a “50 year service life”; however 
this was based on creep failure tests in air and at pressures that were 
above the operating temperatures.  The most likely failure mode in buried 
water pipes is slow crack growth; hence, the lifetime was predicted to be in 
excess of 100 years when correctly installed [13]. 
The flexibility of polyethylene allows trenchless techniques to be used for 
pipe installation.  Because of this, only small trenches are needed to install 
the pipes, thus reducing digging and filling-in time.  The pipe replacement 
project is still in its early stages, with around just 13% of the total mains 
under London having been replaced.  However, the trenchless techniques 
implemented should reduce the consequential traffic congestion and 
interruption to services for customers. 
The ability to be able to do small scale tests to predict the amount of 
degradation of polyethylene pipes in-service, without removing vast 
lengths of pipe, would make the planning of pipe replacements easier.  
Areas of rapid degradation could be monitored to allow understanding 
behind the reasons why degradation occurred faster than in other areas. 
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2.2 Degradation 
Degradation, or decomposition, of a material can be generally defined as 
an irreversible, undesirable, change in the material’s properties.  
Chemically, stability of the material is reduced due to outside influences 
such as heat, acidity and radiation.  As a result the breakdown or 
fragmentation of the material into simpler molecules or elements will 
occur.  Material degradation also leads to a loss of function, which in the 
case of water pipes would result in the inability to carry water at high 
pressures due to either leakage or failure.  
There must also be a clarification about the factors that cause the 
degradation and the events that occur during degradation [15].  The 
factors that cause the degradation are the environment the polymer is in, 
its temperature, any chemicals with which it may come into contact and 
the mechanical loads that are applied to the polymer.  The events that 
happen during degradation are the changes that occur to the chemical and 
structural nature of the polymer. 
White and Turnbull [16] produced a comprehensive review of the 
mechanisms of polymer degradation, including methods to counter it with 
stabilisers, and techniques of using degradation to determine the lifetime 
of a polymer.  Allara [17] also describes many of the mechanisms that 
occur during the degradation of polymers.  Singh and Sharma [18] 
produced a more recent review of the mechanisms involved in plastic 
degradation, including the effect of the certain factors on the degradation 
process. 
2.2.1 Factors That Cause Polymer Degradation 
Normally it requires the combination of two or more of the factors 
described below to cause degradation; it is very rare for just one to be the 
sole reason for degradation.  With specific focus upon polyethylene, the 
following summarises the process through which polymer degradation 
occurs. 
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2.2.1.1 Mechanical Degradation 
Mechanical degradation is the process by which mechanical forces cause 
irreversible deformations to the polymer.  When placed under sufficient 
stress chemical bonds between atoms break, this is also applicable when 
considering intra and intermolecular forces (van der Waals) [19]. 
There are many different forms of mechanical degradation, crazing 
cracking, fatiguing and ultimately fracture can occur due to static and 
dynamic loads on the material. 
It is not just high stresses that cause degradation, lower stresses when 
combined with active chemicals can also cause degradation.  These 
reduced stresses accelerate the degradation by acting in a catalytic 
manner [20].  Chemical bonds present in short chain segments and those 
which are sterically hindered due to chain entanglement are the most 
highly strained bonds; these areas exhibit the greatest risk of degradation 
[16,21]. 
The way in which stress affects the rate of degradation was quantified by 
Zhurkov [22], this Arrhenius style relationship allows the stress to be 
related to the energy required.  Equation 2.1 shows the relationship where 
r is the rate of degradation; this is calculated by subtracting a proportional 
value of the stress σ from the energy barrier ∆G, A and B are constants 
while R is the gas constant and T is the temperature. 
 = ∆  2.1 
Krishnaswamy [23] showed that residual stresses in polymers caused 
quicker failures through mechanical means, suggesting that they act in the 
same way as external stresses, thus causing degradation and failure by 
mechanical means. 
Popov et al. [24] suggest that oxidation degradation may induce stresses 
and hence these stresses may accelerate other degradation mechanisms.  
They also suggest that while tensile stresses have an accelerating effect, 
compressive forces reduce the rate of degradation. 
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2.2.1.2 Oxidation Degradation 
All hydrocarbons are prone to oxidation due to their saturated nature.  
Oxidation of polymers can be seen often in everyday life, from fabrics to 
food packing.  Oxidation is a free radical reaction that once initiated will 
induce autoxidation.  The mechanism of which has been studied since the 
1940s [15], and has formed the foundation of the Basic Autoxidation 
Scheme (BAS). 
The scheme includes five stages; initiation, radical conservation, chain 
propagation, degenerate chain branching and termination.  The second, 
third and fourth of these five stages may be generalised as the 
propagation stage.  Firstly, the required free radicals must be created in 
the initiation stage.  Hydrocarbon free radicals (R•) are formed in several 
ways, either by the shearing of molecules under mechanical stress, 
exposure to UV light or by the chemical attack of metal ions such as 
copper and manganese (other mechanisms are also possible).  The final 
mechanism for the formation of free radicals is the direct oxidation of 
hydrocarbons, as shown in equation 2.2.  However, this mechanism is 
kinetically and thermodynamically unfavourable as the reaction is highly 
endothermic and it must be carried out slowly, and at low temperatures, 
due to the significant difference in the bond dissociation energies involved. 
 + 	 →  • +	 • 2.2 
The second stage of the process is radical conservation here oxygen 
reacts with the hydrocarbon radicals to form peroxide radicals as seen in 
equation 2.3. 
 • +	 → 	 • 2.3 
Once the hydrocarbon free radical is formed it will nearly always react with 
oxygen, as the resultant peroxide free radical is more stable.  In the 
absence of oxygen other reactions may occur such as depolymerisation or 
cross-linking.  This second step of the oxidation process is where the most 
oxygen is absorbed. 
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The next step of the scheme is chain propagation, here the peroxide 
radicals react with another hydrocarbon to form further free radicals and 
hydroperoxide.  This is the rate determining step of the process and 
determines how quickly degradation occurs.  Equation 2.4 shows the 
reaction. 
	 • + →  +  • 2.4 
The free radical (R•) will then react as before (in equation 2.2), whereas 
the hydroperoxide can decompose via several different mechanisms 
(equations 2.5 - 2.8), which are collectively known as the degenerate 
chain branching stage.  Free radicals are also generated from this 
decomposition, thus allowing continued chain propagation.  It is important 
to note that the formation and decomposition of hydroperoxides are often 
inhibited by anti-oxidants. 
 →  • + • 2.5 
 →  + 	 2.6 
 • + →  • + 2.7 
 • + →  • +	 2.8 
The final step is the termination of the chain reaction, where the final 
product is generated and all free radicals are eliminated, thus preventing 
further propagation.  Normally, in the presence of oxygen termination 
occurs exclusively via the peroxide radicals due the fast rate of reaction 
(equation 2.3).  However, in the absence of oxygen the hydrocarbon 
radical becomes an important, this is because termination can then occur 
at more than one site, hence leading to branching and cross-linking 
(equations 2.9 – 2.11). 
2	 • → 	
 2.9 
	 • + •→ 	 2.10 
 • + •→  −  2.11 
The process of oxidation has direct consequences upon the properties of 
the generated polymer; the crystalline part of the polymer is inaccessible 
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to the oxygen and hence it is only the amorphous region which can be 
oxidised.  The process of oxidation leads to an increase in crystallinity, 
due to chain breaking within the amorphous regions, which in turn, 
crystallise. 
The rate of oxidation in polymers is normally very slow due to the low rate 
of radical formation; however anything which raises the rate of 
radicalisation, increase the rate of oxidation.  Kelen [15] states that an 
induction period exists during the oxidation degradation of polymers.  In 
this induction period there are few signs of degradation, however once the 
induction period finishes the rate of oxidation increases rapidly. 
2.2.1.3 Thermal Degradation 
Thermal degradation is, in this respect, seen to be the degradation of the 
polymer in the absence of oxygen.  Polymers are stable up to around 
300°C, after this the thermal energies become high enough to break the 
covalent bonds in the polymer chain.  The dissociation energy for the 
bonds in polyethylene are around 250–450kJ/mol (C–H: 320–420kJ/mol 
and C–C: 260–400kJ/mol), whereas the thermal energy at ambient 
temperature is 0.24kJ/mol, indicating that thermal degradation is highly 
unlikely to occur at such temperatures.  
2.2.1.4 Photo Degradation 
Photo degradation is caused by photons in the UV range of the light 
spectrum being absorbed by the polymer molecule (polyethylene is 
particularly sensitive to a wavelength of 300nm).  If these photons contain 
sufficient energy (higher than the dissociation energy) then a free radical 
reaction can occur.  The presence of trace metal impurities in the polymer 
resin makes it even more sensitive to photo degradation [16]. 
Although photo degradation is not applicable to underground water pipes, 
many countries have water pipes above ground [25].   
Pipes are often stored outside for several months before being used (i.e. 
buried) and hence they are susceptible to degradation during this time.  As 
a result, most polymers have light stabilisers in them to prevent the pipe 
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from degrading during the time spent above ground, in the light.  In pipes 
the photo degradation is controlled by the addition of carbon black. 
2.2.1.5 Bio Degradation 
Biological organisms can also cause degradation via one of two 
possibilities.  Chemical degradation by enzymes and micro-organisms 
slowly decomposes the polymer, whereas mechanical bio degradation is 
due to small mammals and insects attacking the polymer. 
It is normally natural polymers, not synthetic polymers, which are 
susceptible to degradation by biological means.  Synthetic polymers are 
not usually susceptible to degradation by enzymes, which only attacks at 
the ends of polymer chains, as it is here where attack is most favoured. 
Synthetic polymer degradation will only occur if the polymer contains an 
additive which has a weakness to enzyme attack.  Research in this area 
now concentrates on how synthetic polymers can be made biodegradable, 
which is obviously not suitable for polymer water pipes. 
2.2.1.6 Chemical Degradation 
Chemical degradation refers to any degradation that occurs due to 
chemical compounds reacting with the polymer spontaneously, without the 
addition of heat.  As polyethylene is a saturated polymer it reacts very 
slowly with most chemicals.  However upon the application of heat the 
reaction rate is significantly increased, which again highlights how many 
factors must combine to degrade the polymer. 
Pollutants in the atmosphere, in particular, sulphur dioxide, nitrogen oxide 
and ozone, do react with polymers to initiate free radical reactions that can 
lead to degradation through other mechanisms (via oxidation degradation, 
described in section 2.2.1.2). 
2.2.2 Events That Occur During Polymer Degradation 
As discussed, many factors contribute to polymer degradation and it is 
rare for just one factor to induce this event.  The following will now 
discuss, in depth, events that occur whilst polymer degradation occurs. 
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2.2.2.1 Depolymerisation 
Essentially, depolymerisation is the reverse of the polymerisation process.  
Although depolymerisation can begin by random chain scission, it normally 
initiates at the end of chains as these are the weak points of the polymer 
chain.  Depolymerisation will cause the original monomer to be 
regenerated. 
In the case of polyethylene, depolymerisation via free radicals is not 
favoured due to the slow rate of reaction and competition from other, more 
reactive, side reactions.  This can be seen at ambient temperatures, as 
the number of monomers produced when polyethylene degrades is 
negligible i.e. the occurrence of depolymerisation is very small. 
2.2.2.2 Random Chain Scission and Cross-linking 
Chain scission and cross-linking are the most common forms of 
degradation to occur in any polymer.  Virtually all bonds in a polymer have 
the same dissociation energy as one another (this is particularly true in 
polyethylene) and hence the site of a particular reaction (polymerisation, 
depolymerisation etc.) is random. 
Polyethylene is a typical representation of a polymer that undergoes 
thermal degradation by random chain scission.  The randomness is 
increased as the number of side branches decreases; more and more 
atoms experience similar environments and hence have comparable 
dissociation energies.  When polymers degrade through random chain 
scission there is a reduction in molecular weight and hence a reduction in 
mechanical strength. 
Normally cross-linking will occur when random chain scission occurs, and 
is particularly common during degradation due to the high levels of 
radiation and oxidation [26].  This leads to an increase in density, 
crystallinity, and hence, the brittleness of the sample. 
2.2.2.3 Degradation without Chain Scission 
It is possible for degradation to occur without the main polymer chain 
being affected; in these cases the side groups take place in the reactions.  
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There are many types of such reactions, including, substitution, elimination 
and other forms of side group decompositions.  A common example of this 
can be seen in the elimination of HCl from polyvinyl-chlorine. 
The polymer chains can also become disentangled.  During 
disentanglement the chains slip past one another weakening the bulk 
material.  Disentanglement has been shown to be important in the 
resistance of a polymer to slow crack growth [27].  A branched polymer is 
less likely to disentangle than a smooth polymer chain with no branches 
[28]. 
2.2.3 Stabilisation 
To prevent the above degradations from occurring, stabilising chemicals 
are added to the polymer resins.  These additives are separated into two 
main types; antioxidants which inhibit oxidation, and stabilisers which 
inhibit photo degradation. 
Although important when considering the use of pipes above ground, the 
inhibition of photo degradation will not be discussed here as this research 
is specifically focussed on buried water pipes. 
Scott [29] and Hawkins [30] describe two types of anti-oxidants; chain 
breaking and oxidation rate preventative.  Figure 2–5 shows how these 
different anti-oxidant types work in stopping or reducing the rate of 
oxidation occurring. 
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Figure 2–5 — Schematic representation of the mechanisms by which the two anti-oxidant 
types work to cause chain breaking or to prevent chains from occurring [29] 
Chain breaking anti-oxidants, also called primary anti-oxidants, work by 
either donating or accepting electrons.  Chain breaking accepting anti-
oxidants (CB–A) oxidise the radical, while chain breaking donating anti-
oxidants (CB–D) reduce the radical to its anion. 
Preventive anti-oxidants, also called secondary anti-oxidants, prevent the 
hydroperoxide radicals from re-initiating the chain reaction, hence slowing 
the rate of oxidation (PD).  Preventative anti-oxidants also include 
chemicals which prevent re-initiation of the chain by either UV radiation 
(UVA) or transition metal ions (MD). 
Normally a combination of two or more anti-oxidants is found in a polymer 
resin, thus giving better protection.  The effect of the combination is not 
always a simple additive result, occasionally anti-oxidants will counter 
each other and an antagonistic effect can be observed.  Conversely, a 
combination of two anti-oxidants may give a better than expected 
protection. 
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ROO • R•
RHROOH
Preventive
Chain 
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2.2.4 Degradation in Polyethylene Water Pipes 
Polyethylene’s structure has a direct influence on how the material 
degrades; the more branching present, the more susceptible the polymer 
is to oxidation.  The lower the dissociation energy of a bond, the easier it is 
to break, in this case carbon-hydrogen bonds present on the branches of 
polymer chains have a lower dissociation energy than their counterparts in 
the main polymer chain.  The difference in dissociation energy is a 
consequence of sterics, where the main polymer chain carbon-hydrogen 
bonds experience more restricted movement due to molecule proximity 
and repulsive forces.  As a result branched carbon-hydrogen bonds 
provide more susceptible areas, where oxidation can be initiated. 
As oxygen cannot pass through the crystalline parts of a polymer [31], 
crystallinity also has a direct effect on polymer degradation; the more 
oxygen diffusion is impeded, the slower the rate of polymer degradation. 
The degradation of polyethylene pipes have been studied for several 
decades at Bodycote Polymers (formally Studsvik Material AB) 
[4,7,8,10,32-46].  Erkisson and Ifwarson [45] presented the creep rupture 
curve seen in Figure 2–6. 
 
Figure 2–6 — Rupture Curve divided into the three separate stages [45] 
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The creep rupture curve (also referred to as the stress rupture curve) is 
divided into three sections which explain the expected failure type under 
certain conditions.  Stage I, where the hoop stress is high, pipes will fail in 
a ductile manner due to the high load; here mechanical degradation is the 
most important factor.  These higher stresses lead to a very short lifetime 
for the pipe.  Stage II sees both brittle and transitional failure modes; both 
mechanical and chemical degradation are important in this stage.  Stage 
III is dominated by brittle failure caused by chemical attack of the polymer 
at lower stress levels.  The high gradient of the stage III line shows that 
there is none, or limited dependence on the hoop stress to the time of 
failure. 
Andersson [4] comments that for water pipes stage I and III are the most 
important and that stage II is more important for gas pipes.  This can also 
be seen in the work carried out by Karlsson et al. [43]; tests were carried 
out on MDPE pipes under pressure at various temperatures in water.  
Their results can be seen below in Figure 2–7, it is important to note that 
there are no stage II failures. 
 
Figure 2–7 — Lifetime plotted as a function of hoop stress for pressure-tested MDPE pipe 
tested at different temperatures: 70°C ( ○); 80°C (▲);95°C ( ∆);105°C (□) [43] 
Smith et al. [8] split stage III into three further regimes depending on the 
anti-oxidant levels in the pipe.  Regime A refers to the stage at which one 
third to a half of the anti-oxidant concentration is lost.  Regime B follows 
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on and ends when the level of anti-oxidants in the pipe is reduced to a 
level where it is ineffective in stopping oxidation from occurring.  It is at this 
point that autocatalytic oxidation begins to take place.  Regime C is the 
final stage and covers the time between the start of autocatalytic oxidation 
and the ultimate failure of the pipe.  It should also be noted that different 
regimes may be present at different points through the pipe thickness at 
the same time.  The rate of loss of anti-oxidants in regime A and B also 
vary.  In regime A the loss is much more rapid than in regime B, this can 
be seen in Figure 2–8 [8]. 
 
Figure 2–8 — Anti-oxidant lost plotted against time½ for pipes aged at specified 
temperatures.  The dotted lines indicate the regime A, while the solid lines indicate regime B 
[8] 
A similar change between regime A and B can be seen in Figure 2–9 [32].  
There is a distinct change in the gradient of the graph; this signifies that a 
different type of anti-oxidant consumption occurs between the two 
regimes.  This gives a more definite end of regime A and beginning of 
regime B.  Regime B is the dominating regime when calculating the 
expected lifetime of a pipe, due to its dominance of anti-oxidant 
consumption in stage III [41]. 
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Figure 2–9 — Average OIT for the pipe wall thickness versus the square root of the pressure 
testing time at 80°C (□) and 95°C ( ■).  The change from regime A and B occurs at 2000 hours 
(95°C) and 4500 hours (80°C) [32] 
Anti-oxidant concentration and oxidation induction time (OIT) are used 
frequently to explain the amount of degradation that has occurred in 
polyethylene pipes.  Smith et al. [8] showed that more of the anti-oxidants 
were lost by leaching out of the pipe, than by the much slower process of 
oxidation.  This was further confirmed by the traces of anti-oxidants found 
in drinking water that has passed through polyethylene pipes [47].  The 
same migration of such anti-oxidants were also seen by Lundbäck et al. 
[34], here a comparison between aqueous and non-aqueous ageing 
mediums was carried out.  The results showed a larger reduction in OIT 
for the aqueous mediums than the non-aqueous mediums, i.e. anti-oxidant 
depletion is greater in water than in air.  The effect of water saturated with 
air was also tested, and showed that this increased the degradation when 
compared to air-free water. 
Hoang and Lowe [10] recently published work that examined the loss of 
anti-oxidants in water pipes over several years of exposure to water.  They 
saw that 95% of the initial anti-oxidant concentration was depleted from 
the surface of the pipe after just 2,500 hours (approximately 100 days), but 
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brittle failures were only seen after 30,000 hours (1250 days).  Figure 2–
10 [10] shows the log of the OIT for the external surface of the pipe. 
 
Figure 2–10 — Logarithmic plot of OIT data at varying test temperatures for the external 
surface of the pipe: 20°C ( ○), 40°C(▲), 60°C(□) and 80°C( •) [10] 
The lines observed were linear and so can be stated as the linear equation 
2.12. 
ln =   + ln
 2.12 
OIT is the OIT value at a test temperature T and exposure time t.  ST is the 
rate of anti-oxidant depletion (rate of reaction) at a test temperature T.  
OIT0 is the initial OIT value i.e. when t=0.  Hoang and Lowe state that the 
anti-oxidant depletion essentially follows a first order kinetic reaction form, 
where the rate constant can be determined from the gradient.  This is then 
put into an Arrhenius model (section 2.3.1) as seen in equation 2.13. 
ln = −  1 + ln  2.13 
ST is the reaction rate (rate of anti-oxidant depletion), T is the test 
temperature (Kelvin, K), Ea is the activation energy of the depletion of the 
anti-oxidants, R is the gas constant (8.31JK-1mol-1) and C is a constant.  
By plotting all the temperatures seen in Figure 2–10 (producing Figure 2–
11), the Ea can be then determined. 
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Figure 2–11 — Arrhenius plot for OIT data from external surface of the pipe [10] 
From their experimental data they found that the activation energy (Ea) 
was 68kJ/mol.  Extrapolation to 10°C showed that it  would take 
approximately 150 years for all of the anti-oxidants to be consumed. 
It is not just anti-oxidants that have been used to examine the degradation 
of polyethylene pipes.  The formation of carbonyl oxidation products, 
crystallinity, density, molecular weight and melt temperature have all been 
used to study the amount and rate of degradation [7]. 
Karlsson et al. [43] showed that the amount of carbonyl products 
increased in stage III as can be seen in Figure 2–12. 
 
Figure 2–12 — Relative absorbance (carbonyl product) of pipes aged at 95°C, filled symbols 
relate to sample taken form oxidisation spots and the un-filled symbols are taken from 
elsewhere.  Three different bands of the spectrum are used: 1740cm-1 (□,■), 1715cm-1 (∆,▲) 
and 1715cm-1 (○,●) each normalised by the absorbance at 1465cm-1 [43] 
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Wide angle X-ray scattering showed that the crystal structure was not 
affected, therefore indicating that oxidation occurred in the amorphous 
regions of the polymer and not the crystalline areas. 
Hoang and Lowe [10] observed an increase in hydroperoxide production, 
although these are not carbonyl products, they do contain oxygen and are 
formed during the oxidation mechanisms previously shown in Figure 2–5.  
Brittle failures also began to occur at the same time, and the correlation 
between these two outcomes can be seen in Figure 2–13. 
 
Figure 2–13 — ROOH data and exponential fits at 80°C (left axis): internal (□), middle (♦) and 
external (▲).  Pressure regression data at 80°C (right axis): d uctile failures (●) and brittle 
failures (○) [10] 
The observed exponential build up of hydroperoxide confirms that an 
induction period must occur prior to the rapid oxidation.  However, this 
build up did not result in an increase in carbonyl products.  In the study 
pipes that failed after 58,513 hours showed minimal carbonyl product, but 
at 62,245 hours significant formations were beginning to be observable.  
Compared to the 30,000 hours before the hydroperoxide products began 
to form it is difficult to define when stage III begins in this set of data.  The 
authors themselves leave this as debatable and suggest that the increase 
in carbonyl products at around 62,000 hours maybe the true start of the 
stage III failures. 
Moore et al. [48] showed that there was a correlation between carbonyl 
content and oxidation.  In a study of pipes that had been stored outside 
and hence exposed to UV light, polyethylene pipe with “very low initial 
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stability” was seen to have an inverse relationship between carbonyl 
content (measured as carbonyl index with IR spectroscopy) and oxidation 
induction temperature (OIT*).  Generally, when a high carbonyl index was 
seen the OIT* was low and vice versa.  These results show that even 
though light stabilisers were present in the polymer, oxidation had already 
begun and the anti-oxidants had been consumed (indicated by the low 
OIT* result).  A similar relationship between carbonyl content and OIT* 
was also seen by Karlsson et al. [43]. 
Crystallinity also affects the strength of polyethylene water pipes, as well 
as its brittle nature.  Viebke et al. [44] found that the crystallinity increased 
over time as seen in Figure 2–14. 
 
Figure 2–14 — Crystallinity at the outer wall for pipes aged at under pressure at different 
temperatures: 70°C ( ○); 80°C ( ●);95°C (□);105°C ( ■) [44] 
They also stated that the crystallinity is proportional to the number of chain 
scissions that have occurred.  Hence they determined relationships 
between crystallinity values and the number of chain scission events 
occurring over time.  Barker et al. [49] showed that the rate of crystallinity 
increases with the addition of stress.  They also found that there was a 
significant increase in the first 100 hours of ageing.  These two sources 
together indicate that stress and temperature are both important factors to 
the way that polyethylene degrades to form a more crystalline substance.  
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Barker et al. investigated the melt temperature and reported that it 
increased with time of exposure and that, similarly to crystallinity; this rate 
of increase was affected by stress.  However, unlike crystallinity there 
appears to be a plateau in the melt temperature after about 1000 hours as 
shown in Figure 2–15. 
 
Figure 2–15 — The effect of time on the melting temperature of the polyethylene pipes aged 
at 80°C in a water bath.  Samples were tested under  pressure (●) and also suspended in the 
water bath(○) [49] 
Karlsson et al. [43] also showed that the crystallinity changes through the 
thickness of the pipe wall;  an increase in crystallinity was noted at the 
surface around an oxidation spot.  Hassinen et al. [35] presented results 
on pipes which were affected by chlorinated water.  They found that 
increases in crystallisation occurred throughout the thickness of the wall, 
but that a significantly greater increase was seen on the surface where a 
powder layer had formed.  Both investigations also examined the peak 
melt temperature of the polyethylene pipe throughout the wall thickness.  
However, Karlsson et al. [43] showed that the melt temperature became 
greater at the surface whereas Hassinen et al. [35] reported a decrease at 
the surface. 
Karlsson et al. [43] also related the crystallinity to the oxidation 
temperature.  The results in Figure 2–16 show that when anti-oxidants are 
still present the crystallinity is reasonably constant.  The degree of 
crystallinity is determined by the presence of anti-oxidants.  As the 
oxidation temperature decreases the anti-oxidants are used up, until the 
point of total consumption.  It is at this point where crystallinity increases 
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significantly as the oxidation process becomes unregulated, causing 
multiple chain scissions. 
 
Figure 2–16 — The relationship between crystallinity and OIT*.  The results are taken from 
pipes aged at 105°C and showing stage III failures [43] 
The molecular mass of the polymer provides an insight into the amount of 
chain scission, cross-linking and degradation.  A reduction in molecular 
mass would also cause embrittlement and eventually, failures.  Karlsson et 
al. [43] present a slow decrease of the mass average molar mass and 
then a rapid decrease when stage III begins.  This was confirmed by work 
done by Viebke et al. [44] who reported a slow initiate decline, before a 
rapid fall, as seen in Figure 2–17. 
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Figure 2–17 — Mass average molecular mass of samples taken from the outer wall of pipes 
tested at different temperatures: 70°C ( ○); 80°C ( ●);95°C (□);105°C ( ■) [44] 
Karlsson et al. [43] also showed that the mass average molecular mass is 
lowest at the surface and increases to the middle of the pipe wall (Figure 
2–18).  This again suggests that the main areas of degradation are the 
surfaces, and less degradation takes place in the bulk of the material. 
 
Figure 2–18 — Mass average molecular mass (MW) samples taken at different positions 
through the pipe wall.  The pipe has failed according to stage III fracture at 80°C after 15,350 
hours [43] 
Fayolle et al. used the molecular weight distributions to determine the 
number of chain scissions and cross-links that had occurred.  Knowing the 
number average molecular weight (Mn) and the weight averaged molecular 
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weight (MW) of the sample and of the un-aged material two sets of 
equation were proposed to calculate the chain scissions (cs) and the 
cross-links (cl) that had occurred (equations 2.14 and 2.15) [50].  The 
number of chain scissions to cross-links could then be compared for 
different lengths of exposure; this obviously would give an insight into the 
mode of degradation that was occurring.  If a relationship could be found 
between the number of cross-links and chain scissions and the exposure 
time, then by re-working equations 2.14 and 2.15, it could also be used to 
predict the molecular weight distributions after further exposure. 
∆=
1 −
1      ∆=
1 −
1   2.14 
 = 2
3
2∆ − ∆       = 1
3
∆ − 2∆ 2.15 
Rearranging the above equations with respect to number of cross links 
and chain scissions as functions of time to exposure allows a prediction of 
the molecular weight after an exposure time (t) (equation 2.16). 
1 =
1
2
 − 4() + 1 2.16 
The study also suggests that at an approximate value of MW of 90 kg/mol, 
embrittlement begins to occur.  Comparing this value with Figure 2–17, 
showed that all the failures that were deemed to be brittle occurred at MW, 
below this critical value. 
So far, only failures in stage III have been described, however, 
degradation can also occur in stage I.  Krishnaswamy [51] presents that 
the failure in stage I are dependent only on hoop stress and the yield 
stress of the material.  This suggests that when referring to ductile failures 
of polyethylene pipes, the most important material properties are density 
and crystallinity.  The ductile failure of these pipes was seen to be 
independent of molecular weight and molecular weight distribution. 
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There have been relatively few studies on pipes exhumed after a period of 
service.  Boon [52] presents information on pipes that were exhumed after 
a known service life and condition, although no data was presented. It was 
noted that the OIT was still above the requirements for anti-oxidant 
protection for virgin pipes at the time of production (the OIT was less; 
however, than the anti-oxidant protection that was required at the time the 
report was written). 
More recently Pontiggia and Vidotto [53] showed results from four sections 
of pipe that were exhumed after 8–14 years of service at varying 
pressures (between 3.5 bar and 10 bar) and temperatures (between 15°C 
and 20°C).  The samples were subjected to a thoroug h chemical and 
mechanical examination, before being pressure tested to failure.  
Importantly, all of the samples had an OIT on the inner surface which was 
far less than the 20 minutes required by set standards (less than 2 
minutes in three cases), and that there was carbonyl product on the inner 
surface of each of the samples. 
Results from the hydrostatic testing carried out suggested that all the 
pipes had moved into stage III as all the failures were brittle even at higher 
test pressures.  However, all of the hoop stresses used were 6MPa or 
below, which is not higher enough to cause ductile failures, suggesting 
that the samples may not have been in stage III.  Using ISO 9080 (section 
2.3.5) they were able to predict the overall operating time of the pipes to 
be well over 100 years, as long as the pressure was the same as which 
they had been previously operating.  However, this figure dropped 
significantly to 50 years or less if the operating pressure was set at the 
standard, nominal pressure required for 50 years service at 20°C.  It was 
also noted that these pipes were manufactured in a time of lower margins 
of safety than those which are seen today. 
The third study by Frank et al. [54] looked at pipes that had been in 
service between 1976 and 1988.  The study again did a thorough chemical 
and physical evaluation of the polymer, before further ageing the samples 
using FNCT and fatigue tests using crack round bar samples.  The results 
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showed limited carbonyl build up and that the OIT was between 15 and 36 
minutes, even after 20 years of service.  The FNCT tests all failed before 
100 hours at 4MPa.  Through extrapolation of the fatigue tests a predicted 
life of over 50 years for these pipes was established. 
2.3 Extrapolation and Lifetime Prediction Techniques 
When examining the degradation of a polymer pipe the true lifetime is 
expected to be in the region of 50–100 years.  This large time span has 
meant that ways of accelerating the degradation have had to be found and 
extrapolated to the correct conditions.  The methods used to accelerate 
the ageing will be examined in section 2.4, first we will look at the different 
methods that have been used to extrapolate the lifetime of a polymer pipe. 
2.3.1 Arrhenius Method 
The Arrhenius method is the simplest extrapolation method and is only 
temperature dependent.  It assumes a relationship between the rate of a 
reaction and temperature.  Equations 2.17 and 2.18 show the two forms of 
the Arrhenius method. 
 =   2.17 
ln = ln + −  1 2.18 
From these it can be seen that a graphical plot of ln(s) (the log of the rate 
of reaction) against 1/T (the inverse temperature) should be linear with a 
gradient (-Ea/R).  The gas constant R is a known value (8.314JK-1mol-1) 
and hence the Arrhenius activation energy (Ea) can be determined. 
From this a high temperature experiment can be extrapolated to a lower 
temperature.  Replacing s in equation 2.18 with the time to failure at a 
specific temperature, allows a lifetime prediction to be obtained for lower 
operating temperatures.  The equation can also be used to quantify the 
rate of absorption of the anti-oxidants [10] or the rate of production of the 
carbonyl product.  The lifetime can then be calculated from the time taken 
to reach a critical level of either anti-oxidant or carbonyl product. 
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However, due to the temperature dependence of the Arrhenius approach, 
all the tests carried out must be done at operating pressures.  In a review 
of different Arrhenius method models, Celina et al. [55] showed that a 
curvature was present in their plots and accredited this to two competing 
processes.  Evidence of these two competing possible degradation 
processes had previously been suggested, indicating that one 
predominates at high temperatures, and the other at lower temperatures 
[56].  Celina et al. further suggested an addition to the Arrhenius model, 
where a second reaction with its associated activation energy and rate of 
reaction was also required.  From this they showed (equation 2.19) that 
there are indeed two reactions, and one dominates at high temperatures 
(HT) and the other at lower temperatures (LT).  Combining these two 
reactions, as shown in equation 2.20, an overall rate for the degradation 
can be obtained. 
               2.19 
 =  +  =   +   2.20 
Using equation 2.20 and a certain amount of curve fitting, Celina et al. 
were able to produce curves with very high regression coefficients.  This 
method also allows for a transition temperature between the two reactions, 
this could be useful in other applications.  An example of this fitting can be 
seen in Figure 2–19 [55], here data from Gugumus’ study on un-stabilised 
polypropylene is re-examined and fitted to the above equations [57].  The 
low temperature reaction has an activation energy of 41kJ/mol and is 
dominate until approximately 80°C, at which point  the high temperature 
reaction becomes dominate, with an activation energy of 146kJ/mol.  The 
regression coefficient for the data is 0.9995, indicating a very good fit to 
the data. 
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Figure 2–19 — An example of the two reaction Arrhenius.  The combined line of best fit 
giving a higher regression coefficient than either reaction on its own [55] 
This method still has its errors, there could be a third reaction that 
dominates at even higher temperatures or a fourth that could dominate at 
very low temperatures.  Hence Arrhenius extrapolation should be limited to 
test methods that have a test temperature similar to the operating 
temperature of the material, further demonstrating the limitations of the 
Arrhenius model. 
2.3.2 Other Temperature Dependent Methods 
Kelen [15] describes other methods to extrapolate polymer lifetime which 
have slight variations to the Arrhenius equation.  The first of these is a 
relationship between the time to failure and the temperature in Celsius, 
originally proposed by Montsinger in 1930.  The Montsinger equation 
below (equation 2.21) differs from the Arrhenius equation as the 
temperature is proportional to the failure time, not inversely proportional.  
Here tf is the failure time; θ is the temperature, while c and b are constants 
to be obtained. 
log =  − !" 2.21 
The Yelin equation (equation 2.22) was suggested in 1976, it proposed a 
linear dependence between tf and the log of the absolute temperature, T, 
in Kelvin.  This extrapolation was successfully applied to the prediction of 
polyethylene failure from thermal data [15].  Again c and b are constants 
that need to be determined. 
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log =  − ! log 2.22 
2.3.3 Howard and Gilroy Equation 
If a relationship between artificial ageing and real world conditions is 
known (i.e. 100 hours of ageing at 70°C relates to 1 year in-service life), 
then the equation proposed by Howard and Gilroy (equation 2.23) [58] can 
be used to obtain a lifetime extrapolation.  The relationship correlates the 
time to failure for the artificially aged (tfa) material, in hours, to the 
expected time to failure of the in-service pipe, in years (tfs).  The values of 
the constants p and q are related to the different test conditions and 
materials investigated.  Howard and Gilroy’s original research looked at 
low density polyethylene which had been naturally or artificially weathered 
(using a Weather-Ometer). 
 =  − #  2.23 
To collect the data required for the extrapolation, the material has to be 
tested to failure at service conditions, thus obtaining the required 
relationship.  Because of this requirement the usefulness of this lifetime 
extrapolation is limited. It is further restricted due to the fact that the 
constants p and q are only valid for specific conditions and materials.  This 
means that the p and q need to be calculated for each specific set of 
conditions, and cannot be related to other conditions. 
2.3.4 Zhurkov Equation 
As previously described in section 2.1.3.1 the Zhurkov equation [22] takes 
into account mechanical stress as well as temperature.  Kelen [15] also 
gives credit for this work to Bueche, who worked independently of 
Zhurkov.  Equation 2.1 can be rearranged to the form presented by 
Zhurkov et al. [22] (equation 2.24), relating the time to failure to a specific 
uniaxial stress (σ0), at an absolute temperature, T. 
 = 
 +   2.24 
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The value of U0 is the activation energy of scission of the chemical bond, t0 
is the period of thermal oscillations of the bonded atoms and γ is a 
parameter based on the structure and loading that the material 
experiences.  This extrapolation method allows the addition of a stress 
relationship to the original Arrhenius model. 
2.3.5 Standard Extrapolation Method (SEM) 
The Standard Extrapolation Method (SEM) is the method most used today 
to determine the lifetime of pressurised water pipes.  The SEM requires 
tests at elevated temperatures (at least two) which can then be 
extrapolated to the lower temperatures of operating conditions.  Tests are 
also carried out over a varying number of pressures (or hoop stresses), 
this then allows a full creep rupture curve to be extrapolated.  In the US 
the process is called the Rate Process Method (RPM), and is governed by 
ASTM D 2837. 
The SEM was first standardised in 1992 in ISO/TR 9080:1992 (E) and has 
since been developed to the most recent standard published in 2003 ISO 
9080:2003 [59].  The standard came about due to several predecessors 
which gave differing results [36]; Andersson [4] states that work began in 
the mid 1970s finally forming the accepted standard in 1992. 
The SEM relates not only temperature, but also hoop stress as well.  The 
method is regularly divided into two different models namely Model Q 
(equation 2.25) and Model R (equation 2.26).  Once the constants are 
obtained then the extrapolation process can be performed to give several 
different values, either time to failure at a lower temperatures, or the MRS 
value required by the current water standards [60]. 
log = − − $ log% +
 2.25 
log = − − $ log% +
 + & log% 2.26 
The difference between the two models is the “D term” which is dependent 
only upon the stress applied.  Much of the initial work on SEM was carried 
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out by Bodycote Polymers (formally Studsvik Material AB) in Sweden, 
Figure 2–20 [36] shows some early extrapolations done using SEM on 
polyethylene pipes.  LCL refers to the lower confidence limit, which takes 
into account any extrapolation errors, thus giving a more conservative 
lifetime prediction.  In Figure 2–20 the LCL gives 4.21MPa as the hoop 
stress which would cause failure in the pipe after 50 years at 20°C. 
 
Figure 2–20 — An SEM evaluation of a polyethylene pipe; using 4 temperatures and ISO 
9080 extrapolation [36] 
The original proposal was that no chemical degradation should have 
occurred during the pipe testing programme.  However, Ifwarson and 
Leijström [36] have shown that both stage I and stage III failures (i.e. when 
chemical degradation has occurred) can be predicted using the SEM 
method. 
Palermo [61] has used the RPM method to determine a lifetime prediction 
for moulded plastic fittings used in  the gas pipe industry.  Using equation 
2.25 a lifetime extrapolation at 12°C (the operatin g temperature) was 
produce and the moulded fittings deemed to be sufficient for the required 
operating conditions and were not faulty. 
The SEM has similar failings to the other methods discussed here, 
specifically, it is the accuracy of the extrapolation which is particularly poor 
when test temperatures are above the Tg of the material, and the operating 
conditions are below the Tg.  This is sensitivity of temperature is due to a 
change in performance which occurs at the Tg.  This uncertainty is 
reduced by obtaining failure times at multiple temperatures and pressures, 
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thus allowing a more accurate extrapolation to be found.  Further 
limitations to the method are set out by Lang et al. [62], and they show that 
there are possibilities for underestimation of lifetime.  They also suggest 
that a single controlling mechanism does not accurately model the multiple 
mechanisms that could contribute to failure.  Other limitations concerning 
the initial condition of the pipe were also examined and how it makes 
prediction using this method difficult. 
2.3.6 Overall Time Method 
The overall time method suggests that the time to failure can be obtained 
by adding together the time for certain phases of the pipes failure.  Gedde 
et al. [7] suggests that this approach can be used to assert a failure time 
when looking at the anti-oxidant consumption of stage III failures.  
Equation 2.27 depicts the model suggested, tB is the time for regime B [8] 
(section 2.2.4); this can be mathematically modelled.  Regime A life (tA) 
can be determined using short pressure tests and tC, the Regime C life, 
can be determined by testing any non-stabilised material. 
,% =  +  +  ,% ≈  +  ,% 2.27 
Mason [63] also uses this method to extrapolate the lifetime of pipes that 
have been in highly chlorinated water.  Here it is suggested that there are 
5 stages prior to reaching failure: anti-oxidant loss, oxidisation of the 
polymer, a crack initiation in the brittle oxidisation layer, slow crack growth 
from the initial crack and finally, when a critical crack length is reached, 
failure.  Having determined values for all of these phases it was found that 
PE 80 pipes in highly chlorinated water, at 20°C, w ould last for less than 
10 years and the inner surface would be susceptible to oxidation after just 
11 months. 
2.3.7 Farshad’s Methods (USEM & DEEM) 
In 2004, Farshad [64] presented two new methods for the extrapolation of 
in-service life for a plastic pipe, the ultimate strain extrapolation method 
(USEM) and distortion energy extrapolation method (DEEM).  These two 
methods use a linear regression relationship, as shown in equation 2.28, 
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where y and z are parameters that must be determined by regression 
analysis and x is the parameter required by the two methods to perform 
the extrapolation. 
log!
' = ( + ) log!
  2.28 
For the USEM, the x variable is the ultimate strain (ε) calculated using the 
simple stress strain relationship (equation 2.29) and the variation of creep 
modulus (E) with time (the form used by Farshad is shown in equation 
2.30).  Regression analysis can then be performed to obtain values of y 
and z, allowing the prediction of the long term strain the pipe is subjected 
to. 
* = % 2.29 
 = 2801 + 9"
.



	#  2.30 
The second of Farshad’s schemes, the DEEM, uses the distortion energy, 
Ud, to replace x in equation 2.28.  The distortion energy (σf) is calculated 
using the failure stress, E(t), as calculated in equation 2.30 and the 
Poisson ratio (ν) using equation 2.31. 
+$ = 1 + ,%	
3  2.31 
Again variables y and z from equation 2.28 need to be found through 
regression analysis.  Farshad presents results showing that this method 
does agree with the experimental and modified SEM data for the PVC–U 
test pipe. 
The USEM and DEEM are similar to the methods described in sections 
2.3.1 and 2.3.2 in that they only depend upon one variable.  However, in 
this case the pressure (or hoop stress) is the dependent variable and the 
temperature is kept at the operating temperature, this would be 20°C for 
normal pipe operations.  This low temperature means that an extended 
time is required for the hydrostatic tests, but as the subsequent 
Chapter 2 
76 
 
degradation will occur as in reality, the potential complications due to 
raised testing temperatures will not be observed (complications are 
explained in section 2.3.1).   
Farshad has recently published a new methodology [65] as part of the 
automated design and analysis of pipes (ADAP).  The mathematical model 
used is not presented, but is described as a combined linear regression, 
as seen in the USEM and DEEM, and a quadratic regression with the 
smaller value being chosen (as this would be the worst case scenario).  
The interesting fact to note is that the ADAP shows a curved, smooth area 
around the knee region (the region between samples failed in a brittle 
manner and a ductile manner) PE extrapolation, while the SEM model has 
a sharp knee.  The ADAP is likely to be a more accurate model of the 
knee region, as any change in the performance of the pipe should be a 
gradual, not a sudden change.  This difference can be seen in Figure 2–
21. 
 
Figure 2–21 — Creep rupture behaviour HDPE showing the difference between SEM and 
ADAP.  Type A failures are ductile, and type B failures are brittle [65] 
2.3.8 Quality Number Method 
This method was first proposed by Sagrov for concrete pipes and was 
developed further by Whittle and Tennakoon [66] for PVC pipes.  The 
principle of the method is that chemical and mechanical characteristics of 
the pipe are measured (M) and then evaluated next to an acceptable value 
for that characteristic (R).  Each of the characteristics is then given a 
weighting depending on its deemed significance (W).  To reduce 
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anomalous results the ratio of M to R was given a maximum of 1 so that 
pipes aged for a short while would not adversely affect the results.  
Assuming Q is the quality number, then the relationship used by Whittle 
and Tennakoon is seen in equation 2.32. 
- = ./
%
&!
 2.32 
The suggested characteristics for the PVC pipes were: yield strength, 
bending modulus, wall thickness, joint performance and impact resistance.  
Each of these were given two weightings, these described either a ‘best 
case’ or a ‘worst case’ scenario.  Whittle and Tennakoon used pipes which 
were exhumed after a limited amount of service time.  The quality 
numbers subsequently calculated were plotted against the age of the 
tested pipe, and the best and worst cases were determined by linear 
extrapolation.  Figure 2–22 shows the results found and the expected age 
required to achieve a quality number of 0.8, which is deemed as the 
minimum acceptable quality number. 
 
Figure 2–22 — Quality Method approach to lifetime prediction [66] 
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This method is extremely qualitative as the results depend greatly on the 
investigator, as they chose the characteristics, the acceptable values and 
the weightings.  Hence, different users may obtain vastly different 
predictions.  By standardising user-determined values, so there is no 
change from material to material, the extent of variation in predicted 
lifetime would be significantly reduced.  However, in order to establish 
such a standardisation, a vast amount of testing would have to be 
performed. 
2.3.9 Shifting Method 
In the 19th century, Boltzmann developed the fundamental equation for 
linear viscoelasticity, one of the applications of which is time-temperature 
superposition.  Here mechanical properties can be set out in master curve 
at a particular temperature, the properties shifted from tests at different 
temperatures to the temperature of the master curve.  Hence when tests 
are done at elevated temperatures they can be shifted to the appropriate 
operating temperatures. 
Equation 2.33 shows the relationship between a mechanical property (D) 
at a temperature (T) and at the targeted temperature (TT), with respect to 
their associated times (t). 
&, = &  0 , 2.33 
Williams et al. [67] derived the equation for aT, the time-temperature shift 
(equation 2.34), and this  relationship is known as the Williams-Landel-
Ferry equation, after its authors.  The two constants C1 and C2 are 
dependent on TT and must be calculated for each TT. 
log 0 = !  − 	 +  +  2.34 
The main assumption of time-temperature superposition is that the 
material structure does not change during tests.  Hence, for polyethylene 
the tests must be done below the melt temperature. 
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Popelar et al. [68] found that the vertical shift seen in equations 2.33 and 
2.34 was not sufficient enough to obtain a coherent master curve, hence, 
they developed a bi-directional shift, as shown in equations 2.35 –2.37.  
Here the function, F, is the loci of the failure time for a pipe, which is 
related to the stress and temperature experienced. 
1%,  , = 1 %! , 0 , 2.35 
2 0 = 3−0.109 − 4 2.36 
2 ! = 30.0116 − 4 2.37 
The values obtained for aT and bT in equations 2.36 and 2.37 are for gas 
pipes, but by altering the constants appropriately, this method could be 
adjusted to allow its implementation for use with water pipes. 
2.3.10 Fracture Mechanics Method 
Fracture mechanics can be used to determine the failure time of polymer 
pipes.  According to linear elastic fracture mechanics (LEFM), the growth 
rate of a sharp crack under static loading is governed by the critical 
applied stress intensity factor (KC).  The intensity factor is given by 
equation 2.38, where σ is the applied stress, a is the crack length and Y is 
a non-dimensional constant accounting for loading and sample geometry. 
5 = %√0 2.38 
By LEFM principles the rate at which a crack grows is governed by 
equation 2.39.  β and m are constants which depend upon the test 
conditions and materials.  This relationship can then be used to determine 
the failure of the pipe by putting the upper limit of the subsequent integral 
as the pipe’s wall thickness. 
da
dt
= 7 5 ' 2.39 
The crack growth initiation stage has been determined to be a governed 
power law and can be used to find the time required for initiation (tin) 
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[62,69] (equation 2.40).  As with equation 2.39, there are two constants 
(here n and B) which are related to the test conditions and materials. 
% = $ 5 % 2.40 
Equations 2.38– 2.40 can then be combined to obtain a total time to 
failure.  This is the total time for crack initiation and slow crack growth; the 
full equation can be seen below (equation 2.41).  Here, s is the pipe wall 
thickness and a is the initial flaw (crack length). 
 = % + () = $5 % + 8 da7 95 %*+,0 :'


 2.41 
However, there is relatively little experimental proof for this, Gray et al. [70] 
did find a close comparison between pipe failure and equation 2.39, this 
was with initial flaws of 10 and 100µm.  By integrating equation 2.41 they 
obtained equation 2.42 (assuming that m ≠ 2). 
() = ;2<! 	⁄ %*+ 
'
72 − = > !"' 	⁄ # − 0!"' 	⁄ #  2.42 
Sandilands and Bowman [71] further simplified equation 2.42 for the 
circumstances where s >> a and m is sufficiently large.  A simplified 
version of this can be seen in equation 2.43, here the square bracket is 
constant for a given temperature and hoop stress, thus suggesting that the 
lifetime of the pipe is related to initial flaw size. 
() = ;2<! 	⁄ %*+ 
'
7m − 2 > 0!"' 	⁄ # 2.43 
Kuhlman et al. [69] used the shifting method (section 2.3.9) in combination 
with the LEFM method to determine the total time to failure using full notch 
pipe tests.  This again highlights the usefulness of combining two methods 
in order to obtain more realistic results. 
However, Lang et al. [62] suggested there could be significant limitations 
associated with  this method.  The equations above contain simplifications, 
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and therefore, may not truly model the failures in the plastic pipes.  The 
exact size and shape of the crack initiation sites which cause failure are 
not known and so, are particularly hard to model.  The LEFM theories only 
apply in the linear viscoelastic range, which is suggested to be between 1–
2MPa [62], however, pipes normally operate at around 4MPa, i.e. LEFM 
are not valid in this loading region. 
2.3.11 Miners Rule 
The Miners rule is not strictly an extrapolation technique, but the method 
of combining results found from the techniques already described in order 
to more accurately model service conditions as they alter over the length 
of a pipe’s in-service life.  The Miners rule allows hydrostatic tests to be 
used to model in-service conditions where the pressure varies over the 
course of a day, as is the case in the water pipe model.  It uses the ratio of 
the time at a specific condition (ti), compared to the total time of exposure 
(ttot).  The expected time to failure (tf) can then determined using the failure 
time for conditions, i (tfi) (equation 2.44 shows an example when the failure 
time is a function of temperature and hoop stress). 
1 = .?
 ⁄ ,%A
%
&!
 2.44 
Leijström and Ifwarson [38] undertook validation testing in which the SEM 
extrapolation was compared to full scale testing.  Tests were performed on 
MDPE with the temperature oscillating at a constant pressure; Figure 2–23 
shows the strong correlation which was observed.  This, however, was not 
the case for all the tests performed, Figure 2–24 indicates that there was 
actually a 50% difference between the Miners rule predictions and the 
actual failure time.  They concluded that the Miners rule method must be 
validated on a case by case basis. 
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Figure 2–23 — Miners rule predictions for MDPE exposed to varying temperature [38] 
 
Figure 2–24 — Miners rule predictions for PEX exposed to varying temperature and showing 
vast over prediction [38] 
Brogden and Stewart [72] showed this method could also be used if the 
pipe carries different chemicals over its lifetime, however only a possible 
method is laid down and no validation data was provided. 
2.3.12 Summary 
In summary, several possible methods for the establishment of 
polyethylene polymer pipe lifetime have been discussed.  Each method 
has advantages and disadvantages, and particular care must be taken 
when using any to predict or extrapolate accurate lifetime information.  
Small errors or wrong assumptions can result in large over- or under-
estimations, which would cost time and money if applied to reality.  
Because operational polymer pipes should take approximately 100 years 
to fail, the correct implementation of prediction and extrapolation methods 
are very important to the water industry.  To further improve upon this, 
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accelerated ageing of the pipes under conditions likely to be experienced 
during in-service lifetime is required. 
2.4 Accelerated Ageing Methods 
Since polyethylene pipes were first used for mains sizes by the water 
distribution industry in the 1980s, there have been many different methods 
developed to accelerate the ageing of the material in order to try and 
determine the expected lifetime of the pipe.  These methods use a number 
of different techniques to accelerate the ageing mechanisms in the 
polymer; these include increasing temperature, raising stress and the use 
of chemical ageing fluids. 
The main factor that must be remembered when looking at accelerated 
ageing is that the failure mode must mirror reality.  A good example of this 
would be method used to determine lifetime to brittle failure; it cannot be 
found by simply increasing the applied stress to the material as in reality 
the stress creep curve (Figure 2–6) indicates that a higher applied stress 
should cause a ductile failure. 
There are two main types of testing methodology, those that use full 
sections of pipe, and those that use samples manufactured from pipes or 
plaques of suitable material.  Both have their advantages and 
disadvantages which will now be discussed in further detail. 
2.4.1 Methods Using Full Pipe Sections 
The main advantage of using full sections of pipe is that they reflect the 
real life conditions which the pipe experiences very well.  Conversely, 
testing to failure with full sections of pipe takes a much longer time when 
compared to the investigations of smaller samples. 
2.4.1.1 Hydrostatic Stress Rupture Test 
The test set out in ASTM D 1598, is the hydrostatic stress rupture test, this 
method is a very good representation to the real life of the pipe.  The test 
requires a section of pipe to be filled with water or another ageing liquid, 
and then sealed.  The water is under a certain pressure so that when a 
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specific hoop stress is applied to the pipe, the relationship between the 
pressure in the pipe (P) and the hoop stress at the inner wall can be found 
(equation 2.45). 
%*+ = 5	 + 15	 − 1 2.45 
Here, K is the ratio between the radius of the outer pipe wall and the 
radius of the inner pipe wall. 
The pipe is then placed in a testing rig, which can be either an oven, 
where air is the outside medium, or a water bath, in which water or 
another ageing liquid acts as the outside medium.  The pipe is then held at 
a temperature until failure occurs.  In early tests done by Studsvik Material 
AB [43], the temperatures used were 80°C–105°C, how ever, in later tests 
this was dropped to a maximum of 80°C [10].  A sche matic of a possible 
hydrostatic test rig is laid out by Barker et al. [49]. 
The drawback of the hydrostatic stress rupture test is that even at elevated 
temperatures failure takes a long time to occur [39,49].  Karlsson et al. [43] 
showed that failures at operating hoop stresses take, in the region of 11 
years to occur.  This was also confirmed recently by Hoang and Lowe [10], 
when they specifically applied the test to PE100 pipes.  This can be partly 
explained by the amount of time for crack initiation to occur from defects 
found in the polymer resin.  There is also a degree of scatter in the results, 
meaning that a number of tests are required to obtain a true 
representation of the long term behaviour.  The cost of the test is also 
considerable due to the length of time and evaluated temperatures 
required. 
2.4.1.2 The Circulation Loop Test 
The circulation loop test is very similar to the hydrostatic stress rupture 
test; however, instead of stagnant water being used, the water is 
circulated around a section of pipe which is under pressure.  The 
advantage of this approach is that the circulation of the water matches 
even more closely to the real conditions the pipes experience. 
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The method has been used for tests that involve the examination of 
chlorine’s effect on the ageing of polymer pipes [35,37]; this is, because 
chlorine is unstable in water and so needs to be replenished  A circulation 
system makes it easier to keep the amount of chlorine in the water at a 
constant level. 
Similar to the hydrostatic test, the circulation test can be modified by using 
either heated air as the external medium [73], or water at an elevated 
temperature [4].  Due to the similarities between the two tests, the 
disadvantages are also alike (extended time to failure is observed).  
However, this test also even more expensive to run due to the initial setup 
and running costs involved. 
There has been recent research carried out by Jana Laboratories in 
Canada [74], where internal notching of the pipe actually reduces failure 
times; this was achieved whilst keeping the failure mode the same.  Initial 
results showed that the failure time could be reduced by 40% when a 
notch, equivalent to 40% of the pipe wall thickness, had been put in the 
pipe.  These are early findings and much needs to be done to confirm their 
validity and application to pipe age modelling. 
2.4.1.3 Notched Pipe Test 
The notched pipe test is a further development of the hydrostatic test, 
where pipes to be tested have four equally spaced notches around their 
circumference.  These V shaped notches are designed to represent 
possible damage to the pipe that could occur through trenchless 
installation.  The notches are approximately 20% of the wall thickness, 
leaving a large amount of the wall thickness intact.  The pipes are then 
loaded with water to a hoop stress of 4.6MPa, and then heated to 80°C 
with air as the outside medium.  This improves the scatter of the results 
which is seen in the hydrostatic test.  The notched pipe test is 
standardised in ISO 13479. 
Kratochvilla et al. [75] showed that the notched pipe test could be modified 
to accelerate failure.  The two methods used involved either pulsating the 
internal pressure at 23°C, or by using the wetting agent Arkopal N100 as 
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the outside medium.  By pulsating the internal pressure, a failure time of 
around 2000 hours was achieved; this approach has the benefit of being 
carried out at ambient temperature.  This also reduces costs and also 
means that there is no unwanted polymer degradation due to the use of 
higher temperature levels (such as relaxation of residual stresses).  The 
second method, which used Arkopal N100 to age the pipe material, 
resulted in the much shorter failure times of around 600 hours. 
Using LEFM and shifting methods, Kuhlman et al. [69] suggested that the 
time to failure for a full notch pipe test at 80°C could be directly related to 
the failure time of a pipe in service at 20°C.  The y also propose that time 
to failure of the in-service pipe is 9000 times that of a tested notched pipe. 
2.4.2 Methods Using Manufactured Samples 
Slow crack growth is the main mechanism by which polymer pipes fail, as 
such test which utilise this are far more useful than those which do not 
[76].  Testing whole sections of pipe requires a vast amount of time, and 
the costs associated with maintaining set temperatures and pressures are 
high.  As such testing on smaller pipe samples or plaques of pipe material 
should reduce running times and costs.  Constant stress tensile tests, 
which involve the submerging of sample material into water, or another 
ageing liquid, at raised temperatures (80°C) until failure is observed, are 
the most common techniques associated with the investigations of smaller 
samples or plaques. 
2.4.2.1 Pennsylvania Edge Notch Test (PENT) 
The Pennsylvania Edge Test (PENT) was developed by Lu and Brown at 
the University of Pennsylvania in the 1980s and 1990s [77].  Samples are 
generally taken from plaques made of pipe grade polyethylene, though 
test pieces can also be cut from pipes [77].  Samples used by Lu and 
Brown were of the dimensions described in Figure 2–25 [78], with two 
small side notches and a main notch on the longest side of the sample.    
Although making test pieces from pipes is more complex, the material has 
been through the exact production methods that an operational pipe has, 
therefore its morphology at the start testing will be the same. 
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Figure 2–25 — The dimensions (in mm) used in the PENT [78] 
The samples are stressed based on the un-notched cross sectional area 
of the test piece; the maximum stress applied should be no more than half 
of the yield stress, at the test temperature, in order to produce a brittle 
failure.  The samples are loaded longitudinally (the arrows in Figure 2–25 
show the direction of loading) and a test temperature of 80°C applied.  Lu 
and Brown proposed that a 1°C change in test temper ature would alter the 
test time by 10–15%. 
Further work by Brown produced a relationship between the values given 
by the PENT and the failure of pressurised pipes [78]. 
The advantage of this test is that the failure times due to brittle failure are 
far lower than those observed with the hydrostatic tests.  The costs are 
also far  less; Lu and Brown suggested that the PENT costs 10 times less 
than the hydrostatic test [77].  The main disadvantage is that it doesn’t 
correctly model the failure of the pipe as the hydrostatic test does, due to 
the pre-cracking of the sample and that the test pieces are stressed 
longitudinally and not radically as with the pipes. 
2.4.2.2 Circumferentially Deep Notched Tensile Test (CDNT) 
The Circumferentially Deep Notched Tensile Test (CDNT) was developed 
by Duan and Williams at Imperial College London [79].  The method was 
developed to try and obtain a situation where plane strain was present, 
this would cause crazing and then slow crack growth, but importantly, not 
necking.  A circumferential notch gives a situation where the entire 
ligament of the sample is in an almost complete plain strain state.  This 
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then gives the perfect situation from which to examine the crazing and 
slow crack growth of the sample. 
The samples dimensions used for the CDNT test are shown in Figure 2–
26.  Normally specimens are cut from moulded plaques of the correct size 
and cut to the required cross section.  Davies et al. [80] also suggested 
that pipe material can be used after being grinded down and then 
remoulded into rectangular plaques. 
 
Figure 2–26 — The CDNT test specimen.  The cross section of the bar is 20mm x20mm. 
The tests are carried out in air, and at ambient temperatures.  Davies et al. 
have done further studies using CDNT and have been able to use the 
craze strength to determine the failure of pipes under certain loading 
situations. 
2.4.2.3 Full Notch Creep Test (FNCT) 
The Full Notch Creep Test was first proposed by Nishio and Iimura [81] in 
Japan, in the 1980s, and then further developed by Fleissner [82].  The 
test uses specimens that can be either cut from plaques, or from pipes.  
10mm square samples are used at a length of around 90mm, which gives 
a gauge length of 50mm.  They are then notched, using a razor blade, on 
all four sides, to a depth of 1.6mm (test samples can be seen in Figure 2–
27).  Pipe samples should be taken from 110mm diameter pipes with an 
SDR of 11; this means that they are approximately 10mm thick, and 
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hence, are the same size as the plaque samples.  The advantage of using 
samples from pipes is that the morphology of the samples is the same as 
the pipes to be tested and is not changed by forming plaques. 
 
Figure 2–27 — The Full Notch Creep Test Specimens.  Showing the standard sample from 
plaques (top-right) and the pipe sample (bottom-right). 
The tests are carried out at elevated temperatures (no higher than 80°C), 
in an environment of 2% Arkopal and 98% water.  A good correlation was 
seen between the results of the FNCT and the hydrostatic rupture test.  
Fleissner states that the reproducibility of these tests is about ±15%, but 
also declares that most are actually lower than 5%. 
Comparison work between FNCT tests and notched pipe tests were 
presented by Beech and Clutton [83].  They also compared the effect that 
Arkopal and water had on failure time of the FNCT.  They found that the 
Arkopal caused varying accelerated ageing, depending upon material 
tested, as compared to water; this variation was said to be not proportional 
to the density of the sample.  The variation actually appears to be more to 
do with the slow crack resistance of the virgin material.  They did find that 
the water FNCT had an accelerating affect on the test compared to 
notched pipe tests in water. 
Work done by Pinter et al. [84,85] showed that the FNCT test must be 
used with care;  the failure mode seen in FNCT tests may not actually be a 
stage III failure.  These changes are thought to be due to the fact that the 
ageing mechanisms of Arkopal are not fully understood.  They also stated 
that for new polyethylene blends with great slow crack growth resistance, 
the time taken to fail in a brittle manner was over 5000 hours.  Work done 
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by Atteck [86] has shown that by modifying this, the test time could be 
reduced significantly, especially when a round ligament area was used 
instead of a square one. 
2.4.2.4 Creep Crack Growth Test 
Developed at the University of Leoben in Austria, the creep crack test 
allows the crack growth rate to be measured.  The test is comprehensively 
set out in two papers by Stern et al. [87,88].  There are several test pieces 
that can be used, but the most common is the compact test piece seen in 
Figure 2–28. 
 
Figure 2–28 — The Compact Test specimen, with dimensions in mm 
The sample is loaded in a horizontal test under a static load in distilled 
water; the tests are normally carried out at 80°C.  The crack length is then 
monitored over time by using a microscope.  Further investigations have 
been carried out using this set up in order to look at fatigue loading on 
crack growth [89].  Currently, there is no reported time to failure for 
polyethylene samples. 
As this test determines the rate at which cracks grows, it can also be used 
to find the time for crack initiation.  Knowledge of a crack being initiated 
would allow researchers to remove the sample in order to examine its 
chemical makeup at that time, and the remaining stabilisers in the polymer 
resin.  Another advantage of this process is that the tests are carried out in 
water, for which the ageing mechanisms are similar to that of operational 
water pipes, and as such, are not affected by ageing fluids like Arkopal. 
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2.4.2.5 Notched Ring Test 
The notched ring test (NRT) is a newer method developed by Choi at 
Hannam University, South Korea.  Unlike other tests that use specifically 
manufactured samples, the NRT employs rings of pipes in a three point 
bend test, which takes place in water, at 80°C [90] .  The NRT can obtain a 
time to failure, as well as an easily measurable, crack initiation time.  
Figure 2–29 shows the NRT specimen, a is the inner wall notch depth, S is 
the distance between the two supports and W’ is the width of the ring 
between the two side wall notches. 
 
Figure 2–29 — The NRT Specimen [90] 
This test has not been used widely as yet, but it is in the process of being 
standardised.  This approach utilises samples which are made from pipe 
sections, hence have the same morphology as operational pipe material.  
Another advantage of the NRT is that the test is carried out in water; 
therefore the mechanisms of failure are similar to those seen with in 
service pipes.  Tischler et al. [91] presented a comparison of the NRT and 
the notched pipe test; the time taken to failure was significantly reduced in 
the NRT, but, the spread of results was large, which, in turn throws doubt 
on experimental reproducibility.  The comparison was carried out using 
two different polyethylene resins, polyethylene types A and B.  The 
notched pipe test and 2 notch test, which is similar to the FNCT, but with 
two coplanar notches on opposite surfaces, showed a longer failure time 
for polyethylene A, while the NRT showed a longer failure time for 
polyethylene B.  This raises more doubts over how accurate the NRT is at 
modelling or ranking materials for slow crack growth resistance. 
Chapter 2 
92 
 
2.4.3 Summary 
The acceleration methods described above generally use temperature to 
accelerate the ageing of pipes, this is occasionally also supplemented with 
the use of ageing solutions. 
Some of the methods that closely model the degradation of the 
polyethylene take too much time to be viable for use in a three year PhD, 
so more aggressive methods were used.  These methods although not 
identical to mechanisms of degradation, do model the mode of failure and 
the degradation mechanisms are similar. 
Due to the need to fail the samples in a time that was appropriate for a 
PhD, the FNCT was selected as the method to age the samples for this 
research project. 
2.5 Literature Review Summary 
Polyethylene is a polymer in the polyolefins group.  Its chemical and 
mechanical properties as well as price have made it the number one 
choice for pipe applications in recent years. 
Different methods of degradation, especially the oxidation of polyethylene 
which is the main degradation process that occurs in water pipes have 
been examined.  To prevent this degradation occurring anti-oxidant 
systems are used to stop or hinder the oxidation reactions, these are 
known as anti-oxidants. 
There has been a vast amount of research on the degradation of pipes, 
much of this done by Bodycote Polymers (formally Studsvik Material AB).  
They have shown that there are many chemical properties of the 
polyethylene that can be used to determine the total life of the pipes they 
examined.  The most important of these being anti-oxidant concentration 
in the pipe resin. 
Much of this research has also examined the different methods of 
extrapolation that could be used to determine the time to failure of the 
polyethylene pipes that were being examined. 
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Finally methods to accelerate the degradation of polyethylene pipes have 
been examined.  Some of these methods are not suitable for a PhD 
project as the time to failure is well over three years.  However there are 
methods that can be used to examine the degradation that are suitable for 
a three year project. 
The next step is to age the samples and determine which of the chemical 
markers that will be used and how to measure each of these markers. 
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Chapter 3 MATERIALS AND EXPERIMENTAL TECHNIQUES 
In this chapter the materials and experimental techniques employed 
throughout this research will be discussed. 
3.1 Materials 
The samples for this research were all obtained from pipes made for the 
water utility industry and exclusively provided by Thames Water.  Two 
separate resins were investigated, they are classified by BS EN 12201 
[14] as PE80 and PE100, and within this, two specific types of PE80 were 
sourced and used, for ease of identification they were designated PE80–A 
and PE80–B for this research. 
3.1.1 PE80–A 
The material designated PE80–A was sourced from a SDR 11 pipe with 
an outer diameter of 63mm, which is commonly used to join the customer 
to the mains supply.  This pipe only had a wall thickness of approximately 
6.5mm so was not suitable to produce the FNCT samples that were 
required.  Initial unstressed tests were performed using this material, until 
a pipe suitable for FNCT samples could be sourced. 
3.1.2 PE80–B 
PE80–B was obtained from SDR 11 barrier pipe, with external diameter 
110mm, because it is the only pipe from which sections of suitable 
thickness can be taken in order to produce FNCT samples.  Barrier pipe is 
used in contaminated areas such as old industrial sites (brown field) and 
areas around petrol stations.  In these areas hydrocarbons can leach 
through normal polyethylene pipes and affect the water.  Hence, a non-
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polymer barrier must be used to prevent these hydrocarbons from getting 
into the water [92]. 
Pipe PE80–B consists of a core of pipe covered with an aluminium foil and 
a thin coat of polyethylene on the outside.  Before the samples could be 
prepared the aluminium foil had to be removed.  The foil was carefully 
peeled off the pipe using a pair of pliers at the stage where the samples 
were 20mm wide. 
3.1.3 PE100 
The PE100 pipe material was taken from a SDR 17 pipe with outer 
diameter 160mm; these are commonly used for the water mains supply.  
This was the only PE100 material used; unstressed and stressed tests 
were all performed on samples that were machined from these pipes. 
3.2 Specimen Ageing 
The specimens were aged in two ways, either as unstressed or stressed 
samples.  This allowed a comparison between the chemical degradation 
and the environmental stress-related degradation.  The use of unstressed 
samples also allows development and improvement of the experimental 
methods used in this research. 
3.2.1 Unstressed Samples 
Unstressed tests were used to obtain initial results and gain familiarity with 
the analysis techniques that would be used later in the project.  The pipes 
were aged using Arkopal N100 (section 3.2.4) at a mass concentration of 
2% at 80°C.  As polyethylene is less dense than wat er, the samples had to 
be weighted down to prevent them from floating.  To do this a 6mm 
diameter hole was drilled in the bottom of the sample and a stainless steel 
M6 nut and bolt used to weigh the sample down so that it could be 
completely submerged (as seen in Figure 3–1). 
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Figure 3–1 — A photograph showing a polyethylene pipe sample with the hole and bolt 
required to keep the sample submerged during the unstressed tests. 
The material around the hole was discarded when analysis was carried 
out; this was approximately the bottom 30mm of the sample.  There were 
two reasons for this: firstly, drilling the hole causes stress concentrations, 
which have been shown to increase the rate of degradation [24] to the 
sample.  Secondly, the presence of the bolt and hole increases the 
surface area exposed to the Arkopal, hence causing different amounts of 
ageing.  If taken into account, the results obtained would not be 
comparable to the stressed samples. 
3.2.2 Full Notch Creep Test 
To fully understand the degradation of polyethylene used in water pipes, 
tests carried out upon stressed samples were required.  The method of 
ageing that was chosen for this was the Full Notch Creep Test (FNCT) as 
described in section 2.4.2.4.  The preparation of the samples from suitable 
pipe material, the rig used and the methodology for loading and removing 
the samples are described below. 
3.2.2.1 FNCT Sample Manufacture 
The FNCT test pieces were taken from sections of pipes using a process 
involving several steps.  Firstly the pipe was cut into 12cm rings; these 
were then cut longitudinally into sections of approximately 15-20mm in 
width.  At this point the outer coating of aluminium foil present in the 
PE80–B samples was removed.  The sections were further cut into 10mm 
wide samples using a circular saw.  This was a two step process, which 
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ensured that the specimens were square; a first cut was made so that the 
samples were 15mm wide, and then a second cut on the opposite side 
was made to obtain the final 10mm specimen.  The specimens were then 
trimmed to the correct length of 95mm and any burrs caused by the 
manufacture were removed at this point (Figure 3–2). 
 
Figure 3–2 — The dimensions of the FNCT test pieces. 
The samples were then notched using an Instron tensile tester machine 
with a custom built notching attachment [86], as seen in Figure 3–3.  The 
rate of notching was set to 0.25mm/min and an Agar heavy duty single 
edged blade was used, this was replaced after every sample (i.e. after 
every 4 notches) in order to maintain precision.  The samples were 
notched on all four sides so that all the notches were coplanar.  Each 
notch was 1.6±0.2mm in depth; the actual depth was recorded so the 
mass for the required stress could be determined.  The depth of the 
notches was not as accurate as hoped, this was due to residual stresses 
in the pipe causing a curl in the specimens (this can been seen in Figure 
3–4 ii), hence a more accurate ligament area was determined after failure 
(section 3.2.3.2). 
10mm
10mm
95mm
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Figure 3–3 — The notching equipment set up in the Instron Tester.  A: Lower base, 
B: Specimen for notching, C: Upper unit holding the razor blade, D: Grub screw used to 
locate the specimen in base. 
 
Figure 3–4 — The notching equipment set up; i) shows a side view of the full set up, 
ii) shows a close up of the notching.  A: Lower base, B: Specimen for notching, C: Upper 
unit holding the razor blade, D: Razor blade. 
Early samples that were produced were not the correct width (an average 
width of 9.5mm was found), this meant that the grips of the test rig did not 
hold the sample securely; and that the grub screw, which is used to 
prevent the samples from slipping in the grips and not to transfer the 
applied load, was the only point were the sample was being loaded.  This 
combined with the elevated temperature caused the grub screws to shear 
out of the sample and caused almost instance “failure” of the sample to 
occur (Figure 3–5). 
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The graduation measurements on the circular saw were not accurate 
enough to obtain a usable specimen, as a result a Vernier calliper was 
used instead as its measurement accuracy is far greater. 
 
Figure 3–5 — The specimens that failed through shear of the grub screw (top) compared to a 
sample that was removed after 100 hours (bottom) at the same stress (6MPa) 
3.2.2.2 The Environment Tank and Test Rig 
The environmental tanks used for experimentation were modified from 
tanks originally developed by Atteck (Figure 3–6) [86].  Three separate 
tanks were used; each had three “loading stations” which allowed 9 
samples to be tested at once.  A schematic of one of the loading stations 
can be seen in Figure 3–7. 
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Figure 3–6 — The test rigs situated in the laboratory.  A: Rig 1, B: Rig 2, C: Rig 3 (Welded 
steel), D: Constant water supply was taken from the tap and split at this point to the three 
rigs, E: One of the three Grant F15 pumps used to heat and circulate the water around each 
of the rigs [86]. 
 
Figure 3–7 — A schematic of a loading station.  A: Counterweight, B: Pivot, C: Test arm, 
D: Environmental tank, E: Arkopal environment, F: Weights, G: Weight carrier, H: Foam and 
polystyrene to prevent shocks at failure, I: Base plate, J: Notched sample, K: Sample grips.  
Lengths l1 and l2 show the 4:1 ratio that was used to multiply the load (F) applied. 
l2 l1
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Each of the tanks consisted of an inner bath, with a capacity of 
approximately 15 litres, and a much larger outer tank which was filled with 
expanding polyurethane foam for insulation.  In two of the tanks the inner 
bath was made of glass sealed with high-temperature and chemically-
resistant silicone sealant, and had a stainless steel base.  The third bath 
was made of stainless steel which had been welded together.  The welded 
tank had many advantages over its glass counterparts, importantly, it did 
not leak while the other two tanks (with silicone sealant) frequently leaked 
when the sealant failed (this was especially evident when the tanks were 
turned down to 65°C).  Leaks from the glass tanks a t 65°C were thought to 
have occurred because the glass did not expand as much as it did at 
80°C, as such the tanks were not water tight. 
The ageing liquid in the tanks was heated and circulated using a Grant 
FH15 or FH16–D; these were capable of heating the liquid to 80°C.  Each 
tank had two mercury thermometers so that the temperature could be 
monitored accurately, as the temperature dials on the Grant heater/pumps 
could not be calibrated.  A float switch was used to automatically re-fill the 
bath when liquid was lost by evaporation during testing.  The re-filling of 
the bath took a very short time when compared to the length of the tests, 
and as such was not considered to have had a detrimental effect on the 
overall temperature of the liquid. 
Because the testing arms were maintained in a 4:1 ratio by length, greater 
stresses could be implemented using significantly less applied mass.  To 
ensure that friction was minimal the pivot points used contained roller 
bearings and were well lubricated.  Each of the arms had a timer 
connected to a switch, which was triggered when a sample broke, thus 
giving an accurate time to failure.  The timers were also used to calculate 
soak times and timing how long the non-failure samples were loaded, 
using them as a stopwatch. 
Each arm had a set of grips that held the specimens during the tests, 
attaching to the arm and the bottom of the bath.  These grips were 
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tightened and a grub screw was used to avoid slip of the specimen during 
the ageing process. 
Figure 3–8 is an annotated copy of a photo and shows a close up of one 
of the test rigs.  The tank and arm setups can be clearly seen, as well as a 
failed sample (Point C, red light) and a sample in the middle of a test 
(Point B). 
 
Figure 3–8 — A close up of test rig 2 (Point B in Figure 3–6).  A: The insulated test rig, 
B: Timing unit, C: Timing unit of failed sample (signified by the red light being on), D: Top of 
grips connected to sample (Figure 3–10 shows a cut away of the grips and sample in situ), 
E: The Arkopal added date used to calculate the time before the Arkopal needs to be 
replaced (Section 3.2.4). 
3.2.2.3 Sample Positioning and Loading 
The FNCT samples were loaded into the grips using a modified desktop 
vice (Figure 3–9); this ensured that each grip was the required 40mm 
away from the notch.  The grips and sample were locked into the vice 
tightly in order to avoid any twisting or stress being unnecessarily 
experienced by the notch and its surrounding area.   
Due to residual stresses in the samples, they all bent slightly: the inner 
surface would therefore experience the maximum tensile load, whilst the 
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outer surface, where the residual stresses were in compression, would 
experience the smallest load.  As a result the samples were all loaded in 
such a way as to have the resultant bent inner surface facing the same 
direction (to the right in Figure 3–9). 
  
Figure 3–9 — The grips in the custom-made clamp.  A: Notch guide mark, B: Grip guide 
marks, C: Notch on the specimen, D: Top grip, with hanger, E: Bottom grip, F: Grub screw 
used to prevent the sample slipping when loaded, G: Hanger used to connect the sample to 
the loading arm. 
The samples were then put into a testing bath, so that they were 
immersed in the solution.  This involved positioning the pin connected to 
the loading arm (Point G in Figure 3–10) in the hole in the hanger 
connected to the grips (Point G in Figure 3–9).  They were left to soak for 
20±0.5 hours; this soak time was used after Atteck found that there was 
no correlation between failure time and soak time [86].  The value of 20 
hours allowed the samples to come to up to temperature over night and 
guaranteed that the samples were at an equilibrium temperature with the 
environment when the stress was applied. 
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The samples were connected to the bottom of the tank using a small pin 
(Point F in Figure 3–10); this went through the hole in the bottom grip 
(Point E in Figure 3–9).  Care had to be taken when locating the sample 
into the tank; the curved nature of the samples, especially those made of 
PE100 (due to the residual stresses), made it hard to put the pin into the 
hole, and several attempts were often required to successfully place the 
sample in the correct position.  A loaded sample is shown in Figure 3–10, 
this is a picture taken by Atteck [86], and it clearly shows the sample in a 
loaded position in the tank and the loading arm. 
 
Figure 3–10 — A close up photograph of a sample in a loaded position.  A: Notched sample, 
B: Grips, C: Loading arm with pivot giving 4:1 ratio, D: Adjustable platform used to gradually 
load samples, E: Weight carrier, F: Pin connected to bottom of the tank used to attach the 
sample to the bottom of the tank, G:  Pin connected to the loading arm allowing the load to 
be applied to the sample [86]. 
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The mass required for a certain stress level was calculated using equation 
3.1. 
 =  − '! − '	  − (! − (	 %-
42  3.1 
In equation 3.1, M is the mass required in kilograms; X and Y are the 
dimensions of the specimen, these were taken as 10mm for the cut 
thickness (X) and the average pipe wall thickness using the SDR method 
(the outer diameter of the pipe divided by the SDR value of the pipe) (Y); 
x1, x2, y1 and y2 were the recorded notch depths of the 4 notches taken 
from the Instron tensile tester; σR was the stress required for the test; g 
was the gravitational constant (9.81m/s2) and 4 was the mechanical ratio 
of the test arms. 
The sample was loaded using an adjustable platform so that the load 
could be introduced slowly; this prevented any shock loads being applied 
to the sample.  Once the specimen was correctly located, it was loaded 
over a period of two minutes, the platform removed, and replaced with 
polystyrene and foam to stop the weights bouncing when the sample 
failed.  The bouncing of the weights on the bottom plate of the rig had 
caused premature failures of earlier samples, due to the shock caused by 
bouncing weights.  The timer was then reset to 0 and the time on the lab 
clock recorded (the lab clock was kept on GMT for the duration of the 
research). 
3.2.3 Treatment of Specimens after Ageing 
After the specimen had failed or had reached their required time of ageing, 
they were removed from the bath.  The adjustable platform was used to 
slowly unload the non-failure samples over a period of 2 minutes.  They 
were then easy to un-hook from the pins.  The samples were thoroughly 
washed in lukewarm water for several minutes and further washed in cold 
water.  The time to failure was recorded and the time which the sample 
was removed from the bath was recorded.  The samples were then 
carefully removed from the grips and stored so that analysis could be 
performed.  Analysis was performed as soon as possible after failure to 
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avoid any further degradation from occurring; however several of the 
analytical tests could not be performed straight away after the samples 
were removed; these included the molecular weight distributions (section 
3.3.5) which was performed in batches and the hydroperoxide 
concentration (section 3.3.6). 
3.2.3.1 Breaking “Non-Failure” Specimens 
Samples that had not failed were frozen in liquid nitrogen and a three point 
impact test performed.  This broke the sample and allowed analysis of the 
failure surface to be performed.  The low temperature meant that the 
failure surface would be completely different from any crack initiation 
surface that may also have been present. 
3.2.3.2 Analysis of True Ligament Area 
The ligament area was initially calculated by removing the measured notch 
sizes from the total cross sectional area of the specimen.  Due to the 
notches only being accurate to 0.2mm the actual ligament area had to be 
determined so that a true stress level could be calculated. 
This was done by taking a high resolution photograph of the failure surface 
and comparing it to a graticule photographed at the same focal length.  A 
macro lens was used as this allowed a sufficiently large image of the 
sample to be taken.  A determination of the width and breadth of the 
ligament to an accuracy of ±0.05mm could then be made using the digital 
photograph and computer analysis software.  The applied stress was then 
calculated using equation 3.2, where σapplied is the applied stress, M is 
applied mass, g is the gravitational constant (taken to be 9.81m/s2), w and 
b are the ligament width and breadth of the ligament. 
%.//012 = 42 B!  3.2 
3.2.4 Arkopal 
For the vast majority of tests a mixture of water and 2% Arkopal N100 was 
used as the ageing solution.  Arkopal’s chemical name is Nonylphenol 
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Polyglycol Ether; it has a chemical structure seen in Figure 3–11.  It is 
commonly used in detergents and cleaning products. 
 
Figure 3–11 — The general chemical structure of Arkopal; where the repeating unit n is 10 
the structure represents that of Arkopal N100 and when n is 11 it represents Arkopal N110. 
Arkopal has a limited service life because oxidation of the hydroxyl group 
and components of the ethylene-oxide chain reduces its effectiveness.  
Failure times have been seen to increase with older Arkopal 
solutions[84,85], and hence the Arkopal solution was replaced after every 
2000 hours of use. 
Whether Arkopal ages polymers in the same way as water is still being 
debated.  It has recently been suggested that the mechanisms of 
degradation may be different from those seen in tests done in water [84].  
It was, however, not clear how different the degradation mechanism in 
water and Arkopal were, until samples were analysed and compared to 
results seen in tests performed in water.  These differences will be 
discussed further in the results and analysis in chapters 4, 5 and 6. 
Beech and Clutton [83] showed that the rate of acceleration obtained 
when using Arkopal can vary.  The study did FNCT in water and an 
Arkopal solution and the times to failure were recorded for each and 
compared; the accelerating factor of the Arkopal was seen to vary 
between 2 and 27 for materials with different densities.  This variation in 
acceleration did not follow a relationship with density, which means that 
the accelerating factor can only be determined by testing a specific 
material and cannot be calculated by looking at other materials. 
It was not possible to control the concentration of the Arkopal after it was 
added.  However work by Qian et al. [93] showed that if the concentration 
was between 0.1–50% that the effect on ageing was limited.  Hence, it 
was assumed that any variation in concentration that may have occurred 
did not affect the ageing process. 
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3.3 Specimen Analysis 
Each specimen was analysed using several different chemical and 
physical techniques in order to determine the amount of degradation 
accurately.  Each of the techniques and methodology used for this 
research will now be described. 
3.3.1 Density 
The density of the sample is an indication of how much cross-linking has 
occurred in the polyethylene; the higher the density, the more cross 
linking. 
Density can be determined in two ways, either by using the immersion 
method or a gas pycnometer.  The immersion technique requires the 
sample to be immersed in water (due to density differences the 
polyethylene sample must be weighted down), the volume displaced is 
then recorded and compared to the mass of the sample in order to 
determine the density.  If using a gas pycnometer, helium gas is employed 
to determine the volume of the sample.  The gas pycnometer obtains the 
volume of the sample by repeatedly filling a chamber with helium gas and 
measuring the pressure change due to the presence of the sample.  For 
this research a gas pycnometer was used, as it gave a more accurate 
result and was also easier than a submersion method. 
3.3.1.1 Methodology 
The density of one half of each sample was determined using a 
Micrometrics AccuPyc 1330 following ISO 1183–3.  The samples were cut 
to approximately 45mm to fit into the measuring chamber.  They were then 
weighed to an accuracy of ±0.05mg, the samples were all 3.0±0.3g.  The 
volume was measured 10 times by the apparatus and the average density 
determined by simply dividing the mass by the measured volume. 
3.3.2 Crystallinity and Melt Temperature 
Importantly, the crystallinity of a polymer directly relates to its mechanical 
strength and how susceptible it is to oxidisation.  Crystallinity can be 
calculated using density measurements, but this requires the density of 
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the 100% crystalline material and the 100% amorphous material to be 
known.  Usefully, this information can also be calculated using data 
obtained from FTIR scans.  The method most commonly used to calculate 
the crystallinity, is known as the total enthalpy method [94] and it requires 
thermal analysis obtained using a differential scanning calorimetry cell 
(DSC). 
DSC measures the heat flux of a sample compared to a reference.  It does 
this by keeping the sample and the reference at the same temperature, 
any difference in the heat flux can then be measured and observed as 
either an endothermic or exothermic change. 
From the DSC scan the enthalpy of fusion (the amount of energy required 
to melt a material) can be calculated.  The crystallinity can then be 
determined by comparing the enthalpy of fusion for a 100% crystalline 
material.  The data is represented by a thermograph, which records 
temperature against energy.  Melt temperature can also be obtained using 
the same DSC scan and is the maxima of the melting peak on the 
thermograph. 
3.3.2.1 Methodology 
Thin films of thickness 0.40±0.15mm were taken longitudinally through the 
wall of all the sample pipes and dimensions of all samples and pipes were 
measured using Vernier callipers. 
Chapter 3 
110 
 
 
Figure 3–12 — The process of acquiring the samples for DSC analysis.  A: Failed sample, 
B: A thin film in the process of being removed, C: Thin films taken longitudinally through the 
thickness of the sample, D: A film that has been punched and the discs removed, E: Disc 
samples, these were the correct size to fit into the DSC analysis pans. 
The films were then punched into discs of mass 4.0±0.5mg, using a 
standard hole punch.  They were weighed to an accuracy of 0.01mg to 
ensure that any samples outside of the 0.5mg range were discarded.  The 
mass recommended by ISO 11357–3 is 5–10mg, however, due to the 
number of tests which had to be performed on the material available it was 
deemed that samples of 4mg would have to be used so that there was 
sufficient material to perform all the tests required. 
The weighed samples were then sealed into aluminium pans and loaded 
into a TA DSC Q2000 with an empty aluminium pan as reference.  After 
being initially equilibrated at 60°C, the pans were  heated at a constant rate 
of 10°C/min to 180°C.  An atmosphere of nitrogen wa s used at a flow rate 
of 50ml/min.  The heat flow was recorded and then imported into the TA 
Universal Analysis software.  The software calculated both the enthalpy of 
fusion (∆Hf) and the peak melt temperature (Tm); an annotated schematic 
of the heat flow is represented in Figure 3–13. 
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Figure 3–13 — A schematic of a typical thermograph which can be used to determine 
crystallinity and melt temperature.  A: Melt temperature (Tm), B: Enthalpy of fusion (∆Hf), 
C: Integration start point, D: Integration end point. 
The crystallinity of the sample was then determined by using equation 3.3, 
where ∆Hf0 is the enthalpy of fusion of a 100% crystalline polyethylene 
which was calculated by Wunderlich [95] as 293J/g. 
(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 3.3 
Three repeats were carried out for each of the films through the pipe wall 
and the average of these three values taken for the crystallinity and the 
peak melt temperature. 
3.3.3 Anti-oxidant Concentration 
Oxidation of polyethylene in water pipes is one of the major causes of 
degradation, as a result monitoring the remaining levels of anti-oxidants in 
the resin is important.  These levels are determined by examination of the 
polymer’s resistance to oxidation at elevated temperatures.  The two main 
methods used to do this are oxidation induction time (OIT) and oxidation 
induction temperature (OIT*).  These are sometimes referred to as the 
isothermal method (OIT) and the dynamic method (OIT*). 
Normally these methods use a DSC cell and find the point where the 
exothermic oxidation reaction occurs.  However Fearon et al. [96] have 
used the fact that polymers give off a small amount of light when oxidation 
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occurs.  This means that a photon tube can be used to determine the point 
of oxidation. 
3.3.3.1 OIT Compared To OIT* 
The two methods of calculating oxidation induction both have their 
advantages and disadvantages.  The main two differences between the 
methods are way the temperature is controlled, and the way the oxidising 
gas is introduced.  In the OIT method, the sample is heated to 200°C in 
nitrogen then the atmosphere is changed to oxygen or air with the 
temperature being maintained at 200°C and the time to oxidation is 
recorded.  The OIT* method heats the sample in oxygen or air at a 
constant rate until the sample oxidises and the temperature is recorded. 
The main advantages of the OIT* method was that it has no error 
associated with gas change and also has an easily determinable oxidation 
point.  The oxidisation point for an OIT test has been found to be 
complicated to determine [97], but with OIT* it is much easier and gives a 
clearer result.  In round robin tests done by Schmid et al. [98] the 
relationship between OIT and OIT* was seen to be non-linear and followed 
an exponential curve.  Figure 3–14 shows the relationship for 6 samples 
that were tested in the round robin test performed by Schmid et al. [98] 
 
Figure 3–14 — A comparison of OIT* and OIT over a range of 6 samples [98] 
Another advantage of the OIT* method is that it more rapid than the OIT 
method.  A sample that oxidises in 20 minutes using the OIT method (the 
lowest value for new pipes under BS EN 12201 [14]) would require a test 
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of approximately 30 minutes due to the requirement to heat to 200°C and 
then hold for 5 minutes, whereas a OIT* test does not require a hold time 
and as a result would take just over 20 minutes to complete.  At an OIT of 
20 minutes this difference is minimal, but as Figure 3–14 suggests the 
better the oxidation resistance of the polymer the bigger the difference in 
time. 
OIT* was predominantly used for this research due to speed of testing and 
the ease at which an oxidisation was observable.  It was hence seen as a 
more robust method and one that was more easily repeated, meaning it 
would fulfil the required characteristics better than the OIT method. 
3.3.3.2 Methodology 
Both methods are covered by ISO 11357–6, OIT* was added into this 
standard in 2008, after this research was started.  For that reason the 
method proposed by Schmidt and Affolter [97] was used, this closely 
follows the original dynamic test defined by Koski and Saarela [99].  This 
method was very similar to that used in the ISO 11357–6, but no weight of 
sample was defined and no air flow rate was given. 
Samples for both methods were obtained from thin films taken 
longitudinally through the thickness of the pipe wall; these films were then 
punched into discs as with the crystallinity samples.  Samples were 
measured to an accuracy of ±0.01mg and a sample mass of 5.0±0.5mg, 
this was less than amount suggested in the standard, but was selected as 
the overall amount of material was limited.  For early tests the films were 
then placed in covered aluminium DSC pans, for the remainder of the 
tests the samples were placed in uncovered aluminium so that the surface 
was in contact with the air flow.  Care was taken so that the outer surface 
of the sample was always facing up so it was in direct contact with the air 
flow.  The pan and sample were then placed in a Perkin Elmer Pyris 1 
DSC, with an empty pan as a reference. 
At this point the two methods diverge.  In the OIT method the sample was 
first heated up to 200°C in a nitrogen atmosphere a t 20°C/min.  The 
sample was then held at 200°C for 5 minutes for it to equilibrate.  After this 
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time the nitrogen was turned off and an atmosphere of air was introduced 
at 45±1ml/min, although less than that specified in the standard (the 
standard suggests 50±5ml/min), it was used due to limitations of the 
apparatus.  The sample was left until the exothermic oxidation peak was 
observed; at this point the test was finished.  The OIT was determined by 
finding the intersection of the tangent of the maximum slope of the 
exothermic peak and the baseline of the test as shown in Figure 3–15.  
The OIT was then recorded as the time at which oxidation occurred minus 
the time at which air had been introduced (for tests started at 50°C this 
was 12.5 minutes). 
 
Figure 3–15 — A schematic of a typical thermograph used to determine oxidation induction 
time (OIT).  A: Time at introduction of air, B: Tangent of the exothermic peak, C: Baseline of 
the test, D: Point at which oxidation is deemed to have occurred. 
For the OIT* method the sample is heated from 50oC at 10oC/min in an 
atmosphere of air at 45±1ml/min.  The test was ended after the exothermic 
peak was detected.  The OIT* is then determined by finding the 
intersection of the tangent of the maximum slope of the exothermic peak 
and the baseline of the test as seen in the schematic below (Figure 3–16). 
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Figure 3–16 — A schematic of a typical thermograph used to determine oxidation induction 
temperature (OIT*).  A: A peak is seen at the melt temperature (this does not appear in the 
OIT schematic Figure 3–15 as it occurs below 200°C) , B: Tangent of the exothermic peak, 
C: Baseline of the test, D: Point at which oxidation is deemed to have occurred. 
Data was transferred to a form which could be read by the TA Universal 
Analysis software, and both OIT and OIT* were determined using the 
software’s inbuilt onset tools.  Three repeats for each section through the 
thickness were performed and the mean average determined. 
3.3.4 Sample Composition and Carbonyl Index 
Infrared spectroscopy (IR) is a common tool used to look at the structure 
and composition of polymers particularly polyethylene.  Infrared radiation 
is passed through the sample and each different type of bond absorbs a 
different frequency of radiation.  The type of bond present can then be 
determined by examining tables of known frequencies.  The tables by 
Bellamy [100,101] were used in this research.  The radiation in IR does 
not penetrate far into the sample (approximately 1 micron) and so the 
observable bonds are those on the surface of the sample. 
From an IR spectrum, by-products of oxidisation such as ketones, acids 
and esters can be observed and relative abundances established.  By 
observing the absorbance of these carbonyl peaks, a carbonyl index can 
be determined and hence the degree of polymer oxidisation can be 
established. 
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3.3.4.1 Methodology 
A surface scan of each of the samples was performed, and all spectra 
were obtained using a Perkin Elmer Spectrum One FT–R Spectrometer 
fitted with an ATR (Attenuated Total Reflectance) attachment.  The ATR 
was used as it makes sample preparation easier and improves the 
repeatability of scans obtained.  The scans were performed between 
wavenumbers of 4000cm-1 to 650cm-1 as this covered all the bond 
frequencies required.  Prior to each scan a background scan was run to 
ensure consistency, then 10 scans were performed for each spectrum and 
repeats carried out for each sample.  Software connected to the 
spectrometer was used to evaluate the peaks of interest (Table 3-1, Figure 
3–17).  A carbonyl index could then be calculated. 
Table 3-1 — The carbonyl peaks of interest.  The methyl group is used to normalise the 
carbonyl groups. 
Peaks Of Interest Wavenumber/cm-1 
Methyl Group 1463-1465 
Ester Group 1740 
Ketone Group 1715 
Acid Group 1705 
 
 
Figure 3–17 — A schematic of a typical IR scan, showing an un-aged sample and an aged 
sample (in grey).  A: Original scans, B: Area of interest (1400-1800cm-1), C: Zoomed view of 
region B, D: The transmittance of the methyl group, E: The transmittance of the carbonyl 
group.  The carbonyl index is E/D. 
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All spectra were compared in order to establish comparisons of sample 
composition.  This would also highlight how any differences in ageing 
mechanisms between different stresses, temperatures and ageing 
solutions affected the degree of sample degradation. 
3.3.5 Molecular Weight and Molecular Weight Distribution 
Scissoring shortens the polymer chains and causes a reduction in the 
molecular weight average, monitoring of the molecular weight and 
molecular weight distribution of a sample can therefore indicate if 
scissoring has occurred. 
Size exclusion chromatography when applied specifically to polymers, is 
referred to as Gel Permeation Chromatography (GPC).  This technique 
determines molecular weight and molecular weight distribution by 
separating analytes according to size or hydrodynamic volume.  A column 
is tightly packed with small, highly porous beads of varying sizes.  The 
sample is eluted through the column using an organic solvent such as 
tetrahydrofuran or trichlorobenzene, the analytes are then separated due 
to retention time within the pores.  The smaller analytes can easily enter 
the pores and may remain there for significant amounts of time, whereas 
the larger analytes may not even be able to enter the pores, or be retained 
by them, hence they are eluted quickly.  The concentration, with respect to 
polymer weight, in the extracted elutant is constantly monitored in order to 
obtain polymer weight distribution as a function of retention volume. 
The most common results are the number average molecular weight (Mn, 
equation 3.4) and weight average molecular weight (MW, equation 3.5).  In 
the equations below Ni is number of polymer chains that have a molecular 
weight Mi.  The increase of weight averaging allows a closer examination 
of number of chains with higher molecular weights. 
% = ∑F∑F  3.4 
 = ∑F	∑F  3.5 
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3.3.5.1 Methodology 
The GPC for this research was carried out by Dr Steve Holding of Rapra 
Technology Limited.  Thin films through the thickness of the pipe were 
taken and sections of films weighing greater than 15mg were sent to 
Rapra for analysis.  From the initial samples 15mg of the polymer was 
dissolved in 15ml of 1,2,4-trichlorobenzene with anti-oxidants (this was 
altered if 15mg of sample was not available so that the correct 
concentration was used).  This mixture was then heated to 190oC for 20 
minutes and then cooled to 160oC and filtered before being tested. 
The number average molecular weight (Mn) and the weight average 
molecular weight (MW) were then calculated along with the polydisperity.  
Rapra also proved molecular weight distribution curves for each of the 
samples.  Polydisperity gives an indication into the distribution of the 
individual molecular masses within a sample; a polymer which has a 
polydisperity of 1 has uniform molecular masses.  For polyethylene this 
number is normally around 8–13, showing a wide distribution in molar 
masses. 
The GPC technique is generally not used as a comparison tool as the 
repetition of the tests is poor.  Reference material is used to allow some 
repetition of testing though this is not advised [102]. 
3.3.6 Hydroperoxide Concentration 
As seen in Figure 2–5 and section 2.2.1.2 the hydroperoxide is formed in 
the rate determining step of the oxidation process.  Hence, it can show us 
how much oxidation has occurred in a particular sample.  The most 
common method to do this is by the oxidation of iodide ions that can then 
be detected by using UV light. 
3.3.6.1 Methodology 
The method used in this research was described by Hoang and Lowe [10] 
and additional instructions were given by Dr Eric Hoang [103]. 
The method is a refluxing method that produces a yellow liquid that can 
then be analysed.  A master refluxing solution was made by placing 10ml 
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of glacial acetic acid in a 200ml flask and adding 190ml propan-2-ol.  This 
solution was used for each reflux. 
Thin films were taken from the outer surfaces of the samples.  A mass of 
0.5g of the films cut into 5mm by 5mm pieces was then combined with 
0.1g of sodium iodide and 10ml of the master solution.  The mixture was 
then refluxed for 30 minutes, in a 100ml round bottom flask covered with 
aluminium foil to avoid exposure to light.  The solution was stirred regularly 
during the reflux.  After the reflux the flask was removed sealed with a 
stopper and chilled on ice for 5 minutes. 
After the solution had cooled the sample was filtered using a 0.2µm pore 
size PTFE membrane fitted to a syringe.  The filtered solution was then 
placed in a quartz UV cell. 
The solution was then scanned using a Perkin Elmer Lambda 35 UV/VIS 
Spectrometer.  The absorbance at 420nm was recorded, the higher the 
absorbance, the higher the hydroperoxide content of the polymer. 
Dr Hoang suggests that the method should be repeated 3 times; however 
there was not enough material to do 3 repeats so the results are not as 
accurate as they could be and this must be considered in the final analysis 
of the results. 
3.3.7 Scanning Electron Microscopy 
Scanning electron microscopy (SEMi, this alternative abbreviation has 
been used as SEM has already been used for standard extrapolation 
method) allows examination of the failure surface and crack growth of the 
samples.  Ultra-high magnification allows a closer study of the method of 
failure and can give insight into the mechanisms of failure as well as how 
the crack has grown. 
3.3.7.1 Methodology 
As polyethylene is a good insulator the samples had to be prepared before 
being placed in the scanning electron microscope.  The failure surface 
was removed from the bulk of the sample about 5mm down the specimen.  
This was then coated with a fine layer of gold using a sputter technique.  
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The coated specimens were then placed on a platform and secured with 
grub screws.  Silver paint was used to connect the fine layer of gold with 
the platform so that an electrical connection was present.  The samples 
were then able to be analysed using a Hitachi S-3400N Variable Pressure 
SEM. 
3.4 Summary 
The materials used in this research have been reviewed and the type of 
application that the pipe is used for has also been briefly discussed. 
The two methods of ageing the sample have then been described 
including the sample preparation, rig description and after test procedures 
that were used during the research.  Early samples were seen to have 
been incorrectly manufactured and failed very quickly through shearing of 
the locating grub screw, these errors in manufacturing were altered and no 
further specimens failed in this way. 
The seven methods of analysis that were carried out on the samples have 
been described and the methodology used stated.  The different types of 
anti-oxidant concentration analysis are explained.  The OIT* was used to 
determine the anti-oxidant concentration for the rest of remainder of the 
project.  The reasons for this decision were that the OIT* method has no 
error due to gas change, the method also produced thermographs that 
were easier to analyse and also the time needed to perform the test was 
less in the OIT* method.  Any differences to standards for these methods 
are explained and stated.  These differences with the standards and the 
methods used were normally due to either lack of available material or 
limitations of the equipment. 
The methods above were then used to obtain data seen in Chapter 4 and 
Chapter 5.
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Chapter 4 UNSTRESSED MATERIAL RESULTS 
An initial study of samples aged in Arkopal N100 was performed.  Sections 
of pipe made of the PE80–A resin and specimens cut from PE100 pipe 
were used for these initial tests.  These samples were not stressed and 
were submerged into the ageing tank and weighed down with stainless 
steel nuts and bolts as described in section 3.2.1  This preliminary 
investigation has allowed experimental techniques required for this 
research to be modified and improved, as well as providing data with 
which to compare the effects of stress upon the ageing process. 
4.1 PE80–A Results 
Sections of PE80–A pipe were of aged for 50, 120, 500, and 1000 hours in 
the Arkopal solution at 80°C.  The samples were the n tested to determine 
their resistance to oxidation, their thermal stability, carbonyl content and 
molecular weight. 
4.1.1 Visual Inspection 
Once the samples had been removed from the Arkopal solution and 
washed with water, they were all examined visually for any surface 
discolouration.  The sample aged for 50 hours showed a small amount of 
discolouration, and although the sample aged for 120 hours showed 
slightly more discolouration in certain areas, overall it appeared very 
similar to the 50 hour sample.  The samples aged for 500 and 1000 hours 
showed significant discolouration and also had a white powdery residue 
on the inner and outer surfaces.  Figure 4–1 shows a comparison of a 
virgin pipe sample and the sample aged for 1000 hours. 
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Figure 4–1 — A comparison between two samples of PE80–A aged for 1000 hours at 80°C in 
Arkopal (left) and an un-aged (right).  Highlighted are areas of the white powdery residue on 
the aged sample.  Further discolouration was seen all around the aged pipe. 
4.1.2 Anti-oxidant Measurements 
Tests were first done using the more common oxidation induction time 
(OIT) method and later, due to problems with this method, the oxidation 
induction temperature (OIT*).  The OIT* method was then used for the 
remainder of the research. 
4.1.2.1 Initial Tests Using OIT and OIT* 
OIT experiments were initially carried out using a pump to supply the air 
flow at a constant rate; however, it was found that over the period of the 
tests oscillations on the thermograph thought to be due to the air pump 
were observed.  The air supply was not constant as the air pump could not 
run for the full time required for a test as it would over heat and only restart 
itself once it had cooled.  Figure 4–2 shows an early test using a sample of 
virgin PE80–A taken from the outside surface in a covered pan.  After 12 
hours there was no obvious exothermic reaction observed that would 
correlate to the polyethylene oxidising.  The small alterations that can be 
seen are those caused by the air pump. 
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Figure 4–2 — An OIT thermograph of un-aged PE80–A, showing no signs of oxidation after 
12 hours. 
After several similar results, the air pump was replaced with a canister of 
air, fitted with a regulator, which allowed a constant stream of air, at an 
accurately controllable flow.  The samples were then retested using this 
new set up.  Figure 4–3 shows a thermograph obtained using the new set 
up on a sample of virgin PE80 A taken from the outside surface; it shows 
an OIT of just 3.43±0.25 minutes, from the British Standards [14] a piece 
of virgin polyethylene pipe should have an OIT of over 20 minutes; this 
suggested that there was still a methodological error present.  The degree 
of oxidation was still a lot weaker than that what was expected when 
compared to work done by Mason [63] on similar material.  The increase 
seen here was only 0.6W/g, much lower than the 2W/g reported by 
Mason. 
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Figure 4–3 — An annotated OIT thermograph of un-aged PE80–A, showing a very short OIT 
of 3.43±0.25 minutes.  The OIT value was obtained as the intersection of the baseline and the 
exothermic tangent. 
The OIT method continued to give inconsistent results compared to 
published data and another way of determining the anti-oxidant 
concentration was investigated.  Schmid et al. [97] described a suitable 
alternative method to the OIT by measuring the OIT* of the pipe material.  
Upon testing this method it was found that the subsequent exothermic 
reaction did indeed allow far easier determination of the point of oxidation.  
An example of the thermographs produced can be seen in Figure 4–4, 
testing was carried out on the same PE80–A material as before. 
Baseline
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OIT 
measurement 
begins
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Figure 4–4 — An OIT* thermograph of un-aged PE80–A, showing an OIT* of 279.5±0.5oC. 
These OIT* measurements were highly repeatable and because of this 
and the advantages previously laid out in section 3.3.3, it was decided that 
the OIT* methodology would be used exclusively for the remaining anti-
oxidant concentration tests. 
4.1.2.2 Further Tests To Improve the OIT* Method 
The standards at the time of these initial OIT* tests (April 2007) stated that 
particular care should be taken in orientating the sample so that the 
surface of interest was facing upwards.  Figure 4–5 shows how the 
orientation of the sample yields different OIT* measurements from 
experiments done on the same piece of virgin PE80–A material taken from 
the outer surface of the pipe wall.  The samples were taken from the same 
punch of the film, half was taken and orientated so that the outer surface 
was face up and the other half set up so that the outer surface was facing 
down.  There was significant difference between the two values for OIT* 
observed; when the surface was face up an OIT* of 285.6±0.5˚C was 
seen, however when the sample with the surface face down the OIT* 
increases to 293.8±0.5°C. 
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Figure 4–5 — Two OIT* thermographs, showing two samples of un-aged PE80–A.  The 
samples are taken from the outside surface of the pipe, one had the surface facing up (blue) 
and one had the surface facing down (red) during the oxidation test.  The thermographs 
have been offset to allow easier comparison. 
This change of 8°C was very significant and shows t hat it was very 
important which way the sample was orientated.  When aged samples are 
examined a change of 8°C in OIT* suggests a sample has been aged for 
almost 500 hours.  Further development of the method involved the 
attempted enhancement of the signals produced so that the point of 
oxidation could be measured more easily.  The standard ISO 11357–6 
allows holes in the pan lid or uncovered pans to be used; these were 
tested to see which gave the better results.  Firstly, several holes were 
punched into the lids of the pans which held the samples, allowing direct 
contact of the same and the atmosphere of air.  This yielded little change 
in the OIT*, hence, the lids of the pans were completely removed so that 
the samples were totally exposed to the air flow.  Subsequently, a large 
increase in the heat flow was observed at the point of oxidation; this, 
occurred at several degrees below what had been previously seen.  Figure 
4–6 shows the difference between the covered and uncovered samples.  
The increase in heat flow per unit mass measured at the point of oxidation, 
increases from 0.7W/g to 2.8W/g, a four-fold improvement, and the 
temperature is lowered by 25°C.  The reduction in o xidation temperature 
was also seen with the temperature at which the melt peak occurred. 
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Figure 4–6 — OIT* thermographs, showing two samples of un-aged PE80–A.  The samples 
are taken from the outside surface of the pipe, one had no aluminium lid on the pan (blue) 
and one had the aluminium pan lid on the pan (red) during the oxidation test.  The 
thermographs have been offset to allow easier comparison. 
As a result uncovered pans were then used for all remaining OIT* 
experiments in this research.  Special care was also taken to ensure that 
the face of the test sample always faced upwards so that the results were 
constant; this was easy to do for the outer surfaces, but harder with 
samples taken from the middle of the pipe wall. 
4.1.2.3 Anti-oxidant measurements on PE80–A 
Figure 4–7 shows the OIT* profiles through each of the samples compared 
with a virgin sample.  The OIT* decreases the most at the surfaces, with 
the outer surface decreasing more rapidly than the inner surface.  This 
was thought to be for a number of reasons.  Firstly, the outer surface 
would have been exposed to more sunlight than the inner surface and so 
stabiliser/anti-oxidant consumption would have already started; this can be 
seen in the virgin sample as there was already a lower OIT*.  The second 
reason was that the pipes were standing upright during the test and it was 
thought that the Arkopal solution did not circulate inside the pipe, implying 
that more anti-oxidants would have diffused from the pipe from the outside 
of the pipe. 
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Figure 4–7 — OIT* profiles through the thickness of the pipe wall for unstressed PE80–A.  (♦) 
Virgin Pipe, (▲) aged for 50 hours, (■) aged for 120 hours, (●) aged for 500 hours and (x) 
aged for 1000 hours. 
The rate of anti-oxidant loss can be examined by plotting the log of the 
inner surface OIT* against the ageing time.  Figure 4–8 shows that this 
plot follows a linear relationship; which has a similar form to that used by 
Hoang and Lowe [10]. 
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Figure 4–8 — The linear relationship between the natural log of the OIT* and the ageing time, 
for PE80–A samples aged in Arkopal at 80°C. 
ln∗/° = -  +  4.1 
Equation 4.1 shows the linear relationship fitted to the data in Figure 4–8, 
OIT* is the oxidation induction temperature (°C) an d t the ageing time in 
hours.  The coefficients Q and P are -1.078x10-4 hour-1 and 5.536, P being 
the natural log of the OIT* at t=0, i.e. the virgin sample. 
The rate at which anti-oxidants are lost is important when determining the 
remaining in-service life; when the levels of anti-oxidants reach a low level, 
oxidation will occur unhindered and weak spots in the pipe can occur. 
4.1.3 Crystallinity and Melt Temperature 
Initial results showed that the calculation of the percentage crystallinity 
was very sensitive; minor changes to the integration start and end points 
of the heat of fusion caused significant changes.  This reduces the 
repeatability of the experiment and when the same data was reprocessed 
different results were obtained.  Figure 4–9 shows the crystallinity profiles 
through the thickness of pipes for differently aged material.  Unlike OIT* 
there is no correlation between the ageing time and the crystallinity 
observed (Figure 4–10).  The degree of crystallinity does appear to have 
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increased from the virgin samples and the aged samples, but there is no 
relationship between the aged samples.  Crystallinity is highest at the 
inner surface due to the way that polyethylene pipes are extruded.  
Cooling is applied to the outer surface of the pipe; this cooling is then 
diffused through the pipe wall meaning the crystallinity is higher at the 
inner surface.  The crystallisation process is retarded on the outer surface 
by the rapid cooling, but is allowed to continue through the pipe wall as the 
cooling diffuses through the pipe wall thickness. 
 
Figure 4–9 — Percentage crystallinity profiles through the thickness of the pipe wall for 
unstressed PE80–A aged in Arkopal at 80°C.  ( ♦) Virgin Pipe, (▲) aged for 50 hours, (■) aged 
for 120 hours, (●) aged for 500 hours and (x) aged for 1000 hours. 
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Figure 4–10 — The crystallinity of the outer (■) and inner (♦) surfaces of the PE80–A pipes 
aged in Arkopal at 80°C.  No correlation between th e crystallinity and the ageing time can be 
seen. 
Unlike crystallinity the melt temperature does not require human input to 
define integration start and end points.  The melt temperature is calculated 
by finding the minimum of the heat flow curve.  However, the difference in 
the melt temperature was very small, 4°C covering a ll the samples 
measured (Figure 4–11).  Across all samples there is an initially large 
increase in melt temperature, but overall there was less than a half a 
degree increase between the pipes aged for 50 hours and 1000 hours 
(shown in Figure 4–12).  On comparison to the work by Barker et al. [49], 
the melt temperature values recorded at the inner and outer surfaces here 
(Figure 4–12) show a very similar pattern, with the same logarithmic 
increase with respect to the time of aging. 
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Figure 4–11 — Melt temperature profiles through the thickness of the pipe wall for 
unstressed PE80–A aged at 80°C in Arkopal.  ( ♦) Virgin Pipe, (▲) aged for 50 hours, (■) aged 
for 120 hours, (●) aged for 500 hours and (x) aged for 1000 hours. 
 
Figure 4–12 — The increase of melt temperature against time for the inner surface (♦) and 
outer surface (■) of PE80–A aged at 80°C in Arkopal. 
The correlation between sample age and crystallinity found here appears 
to show a weak correlation, whereas the melt temperature exhibits a good 
correlation.  However, the decaying exponential trend and small 
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temperature range observed for the melt temperature, means that it was 
very difficult to distinguish between samples aged for different times.  This 
difficultly in distinguishing between samples shows the need for the 
chemical marker to exhibit the correct trend as outline in the initial 
characteristics. 
4.1.4 Molecular Weight Distribution 
Reduction in the molecular chain length by chain scission can be seen by 
a change in the molecular weight distribution.  The virgin sample and 
samples aged for 120 and 1000 hours were tested.  Analysis of the 
molecular weight distributions showed minimal change in the values of 
weight average molecular weight (MW) and number average molecular 
weight (MN), through both the thickness of the pipe and over time.  This 
suggests that only a limited number of chain scissions and cross-linking 
events have occurred.  Viebke et al. [44] showed a significant reduction in 
MW, however, here Figure 4–13 shows no correlation through the 
thickness of the pipe wall and no significant change over the 1000 hours.  
Due to the limited change in the samples measured it was decided in 
conjunction with Dr Holding [104] to carry out no further tests on the other 
PE80–A samples. 
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Figure 4–13 — The MW through the thickness of the tested pipe (PE80–A) walls, aged at 80°C 
in Arkopal.  (♦) Virgin Pipe, (■) aged for 120 hours and (x) aged for 1000 hours. 
4.1.5 Carbonyl Index 
The carbonyl index of a material is indicative of the amount of carbonyl 
product that has been formed by the oxidation reaction; the higher the 
carbonyl index the greater the degree of oxidation.  Figure 4–14 shows the 
ester carbonyl index profile, from which there are several important points 
to note.  Firstly, the carbonyl index initially increases as the sample is 
aged for longer, but then falls rapidly for the sample aged for 1000 hours.  
The IR spectra all showed a large amount of noise which could 
significantly affect the results obtained, this was countered by repeating 
the spectra and also increasing the number of scans used for each 
spectrum.  Secondly, the largest amount of oxidation should occur at the 
surfaces of the pipe as they are closest to the oxidising fluid.  However, 
when considering the data shown in Figure 4–14 the carbonyl index is in 
fact at its lowest at the surfaces.  This was thought to be because the 
mechanisms of degradation are different to those seen in water; Pinter et 
al. also reported lower than expected carbonyl product when samples 
were aged in Arkopal [84].  The amount of oxidation also goes against the 
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OIT* values seen, low levels of anti-oxidants at the surfaces would be 
expected to lead to higher carbonyl indexes due to the decrease in the 
chemical resistance to oxidation. 
 
Figure 4–14 — Carbonyl index profiles through the thickness of the pipe wall for unstressed 
PE80–A aged at 80°C in Arkopal.  ( ♦) Virgin Pipe, (■) aged for 120 hours, (●) aged for 500 
hours and (x) aged for 1000 hours. 
4.1.6 Summary of PE80–A Results 
From the limited number of initial tests carried out in order to compare 
experimental techniques, potential methods for this research could be 
refined and some useful initial results were also produced.  Unlike other 
preliminary data, that obtained results for OIT* tests showed a good 
correlation to those previously reported, and as such will be used 
exclusively for the main body of the research instead of the OIT method.  
The melt temperature showed a strong correlation, unfortunately this was 
a decaying exponential, which caused problems when trying to determine 
the age of a pipe.  The other markers tested showed a poor correlation 
with ageing time in Arkopal.  These weak correlations were thought to be 
due to the samples being unstressed and the positioning of the samples in 
the ageing tank.  The inconsistencies seen when the results were 
compared with previous studies were also thought to be due to the 
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samples being unstressed and the previous studies all being on pipes that 
had been stressed. 
4.2 PE100 Results 
After samples of PE80–A were aged, samples of PE100 were prepared as 
described in section 3.2.1.  Specimens were aged for approximately 20, 
100, 200, 300, 400, 500 & 600 hours in an Arkopal solution at 80°C.  The 
samples were removed as close to the desired time as was reasonably 
possible (i.e. if the desired time was in the middle of the night then the 
samples were removed either the evening before or in the morning after).  
A range of chemical tests were then performed to determine the amount of 
degradation that had occurred.  These results could then be compared 
with samples that had been stressed in order to examine the effect of 
stress on the degradation process. 
Prior to loading, stressed samples (discussed in Chapter 5) were placed in 
an initial soak of Arkopal solution and brought up to temperature over 20 
hours.  In this time the condition of the sample was likely to have altered 
and some degradation would have occurred.  The degree of degradation 
would in turn have an impact upon the test results and how they were 
interpreted.  As a result, a sample aged for 20 hours was used to 
determine the likely amount of degradation. 
4.2.1 Visual Inspection 
On inspection of the samples there were no obvious differences between 
the aged samples.  A small of amount of discolouration was seen on the 
samples aged for 500 and 600 hours; a slightly green-blue colour was 
observed.  A small amount of powdery residue similar to that seen on the 
aged PE80 A samples, was also visible. 
4.2.2 Density 
A piece of approximately 3g was taken from each aged sample and 
weighed accurately in order to determine the density in the pycnometer.  
The specimen sections were taken from the top portion of the sample 
which was at the same depth in the tank as the notch in the stressed 
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samples would be; this removes any factors that could be affected by the 
depth of the sample in the tank when comparing the stressed and 
unstressed samples.  The density of the specimens was seen to increase 
over time, as shown in Figure 4–15; the error bars show the standard 
deviation of the density as measured by the pycnometer.  The increase in 
density over ageing time is minimal and the relative error is large and 
significant, this suggests that monitoring the density may not give an 
accurate measure of the state of degradation of the polyethylene. 
 
Figure 4–15 — The density of PE100 samples aged in Arkopal at 80°C. 
4.2.3 Oxidation Induction Temperature 
The OIT* was taken through a half thickness of the specimen.  All the 
surfaces were exposed equally to the Arkopal; an initial test of two 
samples showed a symmetrical profile through the thickness and hence 
only half of the specimen was tested to save sample material.  Films were 
taken from the cut surface longitudinally through the thickness.  The 
bending of the specimens showed the presence of residual stress, by 
taking the samples from the middle of the film it was hoped that the effect 
of the residual stresses would be reduced. 
Figure 4–16 shows the profiles through the thickness of the 7 test samples 
and the virgin un-aged material.  Unlike the PE80–A samples, there was 
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no difference in OIT* values taken from the middle of the specimen 
thickness as the specimens are aged for longer.  This suggests that the 
anti-oxidants have not travelled through the material as expected; this was 
possibly due to the higher crystallinity seen in PE100.  This also gives rise 
to the plateau that is seen above 260°C where there  is minimal or no loss 
of anti-oxidants.  
The rate of loss of anti-oxidants can again be examined by plotting the 
surface value of OIT* against time of ageing as shown in Figure 4–17.  
This shows that the reduction in OIT* at the surface follows the best fit 
exponential trend seen in equation 4.2.  The value of OIT*0 was 
determined to be 253.5±0.5°C (the OIT* of the virgi n material) and the 
exponential coefficient C, -1.0x10-4 hour-1. 
∗ = 0∗e3 4 4.2 
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Figure 4–16 — The profiles of the OIT* through half of the sample thickness for unstressed 
specimens of PE100 aged at 80°C in Arkopal.  Dotted l ine shows virgin sample (♦), i) Aged 
for 20 hours (●), ii) Aged for 100 hours (●), iii) Aged for 171 hours (●), iv) Aged for 310 
hours (●), v) Aged for 405 hours (●),vi) Aged for 501 hours (●) and vii) Aged for 600 hours (●). 
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Figure 4–17 — The exponential trend seen between the OIT* and time of ageing for 
unstressed PE100 samples aged in Arkopal at 80°C. 
The trend can also be described in a linear manner by finding the log; as 
in Figure 4–8 and equation 4.1 for the PE80–A material, for the PE100 
samples Q was -1.078x10-4 hour-1 and P was 5.535.  Figure 4–18 shows 
that this allows an easier comparison between the two materials.  The rate 
of anti-oxidant loss in the PE100 resin is faster than that seen in the PE80 
A resin; this was determined by comparing the gradients of the two lines.  
The results of this were then compared with the rate of depletion of anti-
oxidants reported by Hoang and Lowe [10].  Here they used OIT, however, 
as seen in Figure 3–14 [98] the relationship between OIT and OIT* is not 
linear and hence a comparison between the two values was not possible.  
However, the relationship between the logs of these numbers is linear, so 
by using the data from Schmid et al. [98] an approximate relationship 
between the ln(OIT*) and ln(OIT) was determined (equation 4.3, where the 
conversion coefficients were determined to be α as 5.3x10-2 and β as 5.3).  
The equation found by Hoang and Lowe for hydrostatically stressed 
PE100 at 80°C in water [10] was then transformed so  that a comparison 
could be made.  The resulting line shows that the values for virgin samples 
are similar and that as expected the rate of anti-oxidant depletion was 
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greater in Arkopal than in water [84].  It also suggests that the rate of 
depletion in the PE100 was more rapid than that in PE80–A. 
ln∗ ≈ G ln +  7 4.3 
 
 
Figure 4–18 — A comparison of the loss of anti–oxidants seen with different materials and 
environments.  PE80–A aged at 80°C in Arkopal ( ■), PE100 aged at 80°C in Arkopal ( ♦) and 
the results obtained by Hoang and Lowe on polyethylene samples aged at 80°C in water [10] 
(dotted–line) 
4.2.4 Crystallinity and Melt Temperature 
Crystallinity measurements were very sensitive and care had to be taken 
when determining the area of fusion (Figure 3–13) in order to calculate the 
crystallinity.  Using a thermograph taken from the specimen aged for 20 
hours, tests were performed to determine the effects of the position of the 
integration start and end points on the calculated crystallinity.  The 
thermograph with the three separate areas can be seen in Figure 4–19.  
Area A uses the line after the melt event to obtain a theoretical baseline, 
area B uses the end of the melt event and goes parallel to the temperature 
axis, whilst area C uses a point that is below the horizontal as a 
demonstration.  The differences in measurements obtain between the 
three areas are only a matter of a few percent, but when compared to the 
results obtained it was found that this was a significant error.  For the 
entirety of the research, area B was calculated, as it was found to be the 
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most reproducible method; it was difficult to obtain the line required for 
area A, while area C uses a point that is arbitrarily below the horizontal 
and would be impossible to repeat accurately.  This difficulty of 
determining the start and end points, and how this can affect the 
crystallinity was discussed further by Gray [94]. 
 
Figure 4–19 — A thermograph of the surface of the specimen aged for 20 hours unstressed 
in Arkopal at 80oC.  Three different possible areas (A, B & C) of fusion have been calculated 
to show the effect on the crystallinity of the integration start and end points.  The Tm 
calculated by the software can also be seen at the bottom of thermograph. 
Films were taken through the thickness as described in section 4.2.3; 
Figure 4–20 shows the increase in crystallinity at the surface of the 
specimens.  The crystallinity of the PE100 samples is significantly higher 
than that seen in the PE80 A material; this was expected.  Unlike the 
PE80 A samples, there is a correlation between the time the sample had 
been aged for and the crystallinity, although this was not as a strong as 
that seen for the OIT* results; a regression coefficient of 0.95 was seen for 
the crystallinity while the OIT* results had a coefficient of 0.99.  The results 
obtained follow a similar exponential curve to that showed by Viebke et al. 
[44], but the rate of increase does not appear as great, this again follows 
from what Baker et al. [49] suggested; that stress increases the rate of 
crystallisation in a material.  The increase in crystallinity was also smaller 
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than those tests carried out in water for similar amounts of time; 
suggesting that the degradation mechanism may be different. 
 
Figure 4–20 — The exponential increase of the percentage crystallinity of unstressed 
samples of PE100 aged in Arkopal and 80°C. 
As Figure 4–21 depicts, the melt temperature increased over the first 100 
hours, but then plateaued at 129.4±0.5°C.  The resu lts are again very 
close with a spread of only 1°C, but with an error of 0.1°C this is 10% of 
the total range.  This was similar to the results Barker et al. [49] have 
published for unstressed polyethylene pipes in water at 80°C and show a 
reasonable correlation to the results obtained for PE80–A. 
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Figure 4–21 — The trend between the melt temperature and the time of ageing for 
unstressed PE100 samples in Arkopal at 80°C. 
4.2.5 Carbonyl Index 
The accuracy of the carbonyl index is limited by the amount of noise that is 
detected in the IR spectra.  In an attempt to increase this accuracy, scans 
were performed on all 4 faces of the samples, with two repeats made on 
each face, thus giving 8 spectra to determine the carbonyl index.  The 
carbonyl index was only determined at the surface of the specimens and 
not through the thickness. 
Figure 4–22 shows the ester carbonyl index calculated for the aged 
specimens.  The linear increase of the carbonyl index is much smaller 
than expected, to a point where the increase is negligible compared to the 
increase that was expected from previous studies [7,43].  Karlsson et al. 
[43] did show there was little or no increase in carbonyl index until after 
2000 hours in samples aged in water; however, as anti-oxidant 
concentration decreases at a more rapid rate in Arkopal than water it 
would be expected that oxidation would start to occur earlier.  This does 
not appear to happen, there are two reasons why this maybe the case; 
either the anti-oxidant suite used in the new pipes is substantially better 
than the pipes used by Karlsson et al., or the Arkopal solution prevents 
oxidation from occurring in the same way as it occurs in water. 
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Figure 4–22 — The increase of the recorded carbonyl product for increasing aging time, for 
samples of PE100 aged in Arkopal at 80°C. 
4.2.6 Summary of PE100 Results 
The results for the PE100 show similarities to both the PE80–A samples 
and previous studies, however, there are inconsistencies.  The OIT* 
measurements showed that anti-oxidant concentration reduces at a 
quicker rate in Arkopal than compared to water, as suggested by Pinter et 
al. [84], however the rate of oxidation does not seem to have been 
increased.  This lack of oxidation seen by the low crystallinity and carbonyl 
increase suggests a different mechanism is occurring.  Although these 
samples were unstressed, a certain amount of oxidation would be 
expected.  These preliminary results did not show the degradation 
expected. 
The stronger correlations seen suggest that the measurement of the 
chemical markers has improved, along with the repeatability of the 
experiments.  As the validation and improvement of the experimental 
procedure was one of the main objectives of this initial study, the 
improvements seen from the PE80–A samples to the PE100 samples 
showed a positive result. 
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4.3 Summary 
The chemical markers of polymer degradation have been tested and the 
methodology involved refined and improved upon.  Problems with the OIT 
methodology were identified and as a result the OIT* method was used 
and developed so that it produced easily definable results.  The analysis of 
the thermographs used to determine the crystallinity was also honed so 
that the repeatability of the procedure could be improved.  These 
improvements can now be taken on and used to analyse the stressed 
samples. 
The results above for both the PE80–A and PE100 shown some form of 
degradation has occurred in the samples as they were aged.  This 
degradation however was significantly less than was expected when 
comparing the results from previous studies performed on pipes aged in 
water. 
The OIT* for both materials showed the best correlation with studies were 
water was used as the ageing environment.  There was an increased rate 
of anti-oxidant loss recorded, but this was expected.  OIT* however, does 
not show if oxidation has occurred, it is a method for determining the 
remaining anti-oxidant concentration in a material.  The results above 
were promising with respect to the project aims, of finding a method to 
determining remaining in-service life.  The experimental uncertainty was 
small, compared to the range of the results, and both materials showed 
similar trends when compared to the ageing time.  These trends were also 
similar to the trends, reported in previous research done using a water 
environment.  This comparison suggests that the loss of anti-oxidants was 
similar in water and Arkopal environments, but the Arkopal accelerated the 
loss. 
The change in crystallinity showed little correlation to the ageing time for 
the PE80–A samples, but did show an exponentially increasing trend for 
the PE100 material.  This was thought to be due to improved experimental 
procedure when determining the integration points used.  The percentage 
crystallinity should increase as chain scissions in the amorphous region 
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cause crystallisation.  This has showed to give an increase in percentage 
crystallinity of nearly 20% [44] in samples aged in water at 80°C, the 
samples above showed a maximum increase of 4%, far lower than would 
be expected.  This small range of results also means that the experimental 
uncertainty was large, and makes remaining lifetime predictions from this 
data, inaccurate. 
The melt temperature showed a very strong correlation over time, 
however, as the trend was exponentially decaying and plateaued after 100 
hours of ageing.  The plateau that was seen makes melt temperature 
unsuitable for the aims of this project based on the results obtained to this 
point.  This suitability was due to it being impossible to distinguish 
between samples that had been aged for 200 hours and those aged for 
600 hours.  The range of the results was also incredibly small; this also, 
makes the marker unsuitable as the range compared to the experimental 
uncertainty was high. 
Carbonyl products are formed during the oxidation process and can be 
used to determine the amount of oxidation that has occurred.  As with the 
crystallinity, the amount of carbonyl product that was recorded was much 
lower than expected.  This smaller increase and large amount of noise of 
the IR spectra meant that the experimental uncertainty was too large to be 
useful as a predictive tool. 
The molecular weight averages calculated, suggests that chain scission 
has not occurred, as this would result in a reduction in the molecular 
weight average.  Chain scission normally occurs during oxidation of 
polyethylene, but the results for PE80–A do not show a decrease. 
The differences seen between the results obtained and the expected 
values, suggest that the mechanisms of degradation seen in Arkopal and 
not the same as in water.  These differences may also be due to the 
samples being unstressed, and that a level of stress greater than the 
residual stress of the pipe was needed for oxidation to occur.  These 
factors were then investigated further. 
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Chapter 5 STRESSED MATERIAL RESULTS 
Having thoroughly tested the unstressed samples, the specimens that 
were aged under stress will now be examined.  The material is divided into 
three categories: samples tested to failure, samples removed at times 
before failure and samples that were aged in water with no Arkopal. 
The final group aged in water only, contained just three samples that were 
aged for 6 months and showed no sign of failure, but they can be used to 
determine the approximate acceleration caused by the Arkopal on the 
polyethylene’s degradation. 
The results presented below consequently allow a more accurate 
prediction of the rate at which polyethylene will degrade when 
experiencing applied stress in pipe applications.  Importantly, the results 
for the non-failed samples show the rate of change of the chemical 
markers during the life time of a pipe.  By following the changes in 
chemical marker quantities the point at which the pipe is likely to fail will 
become apparent and can therefore be used to predict when the pipe is 
near failure and must be removed. 
5.1 Specimens Aged To Failure 
Samples of PE100 and PE80–B were aged under various stress levels 
until failure occurred and the time required for failure was recorded.  
PE80–A did not have the required pipe wall thickness to manufacture a 
FNCT specimen.  Ageing was carried out in a 2% Arkopal N100 and water 
solution at either 65°C or 80°C.  From these results a standard 
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extrapolation method (SEM) calculation (section 2.3.5) could be performed 
and various chemical and physical markers were measured. 
Photographs of the failure surface were taken and the type of failure, 
either brittle or ductile, determined.  This was then used to help determine 
the location of the brittle/ductile knee.  The brittle/ductile knee was 
important to know as this would be where a change of behaviour would be 
observed.  Hence around the knee the exact mechanism of failure would 
not be known and this could cause problems with predictions. 
5.1.1 SEM Calculation 
The SEM [59] allows tests done at higher temperatures to be used to 
predict failure times at lower temperatures.  The three parameter model 
was used in this research and is shown in equation 5.1; A, B and C are the 
parameters that must be calculated from equation fitting. 
log
10
5 =  + $6 + 6 log10%6 5.1 
From the observations made, the following matrices were calculated 
(equation 5.2), and these can then be used to rewrite equation 5.1 in a 
matrix form (equation 5.3). 
 = 1 1 1⁄ log10%1 1⁄⋮ ⋮ ⋮
1 1 7⁄ log10%7 7⁄ 
 ;  ( = 
log
10
1
⋮
log
10
7
 ;     ) = 
$ 5.2 
y = H) 5.3 
Equation 5.3 can be rearranged with respect of z to obtain equation 5.4, 
(T is the transposition operator and -1 is the inverse operator). 
z = H8H−1H8( 5.4 
Solving equation 5.4 gives the values of A, B and C; this was performed 
separately for the PE80 and PE100 samples.  The brittle/ductile knee was 
selected by observation of the failure surfaces; the SEM prediction for 
above and below the knee could then be calculated. 
Both of the models below use fewer points than are required by ISO 9080 
[59] for a complete extrapolation (30 measurements are required by the 
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standard).  Consequently, the results obtained must be viewed as 
predictive, with the potential to contain a large amount of error. 
5.1.1.1 PE100 
Figure 5–1 is a representation of the creep rupture curve for the PE100 
samples.  The inserted pictures show typical failure surfaces that were 
observed.  The lines are the calculated SEM predictions which have been 
found using equations 5.5 (ductile) and 5.6 (brittle).  The calculated knees 
occurred at stresses of 4.95MPa (80°C) and 5.77MPa (65°C), as expected 
an increase in stress was required for ductile failure to occur as the 
temperature was increased.  The knee at 80°C was al so very distinct, 
showing an obvious change between the two modes of failure. 
 
Figure 5–1 — Creep rupture curve for PE100 samples aged at 65°C (▲) and 80°C ( ♦).  Plotted 
trend-lines are the SEM.  Pictures show typical failure surfaces seen at different sections of 
the creep rupture curve. 
log
10
5 = −15.41 + 7491.476 + −1626.846  log10%6 5.5 
log
10
5 = −11.76 + 5627.056 + −801.076  log10%6 5.6 
Using these equations a prediction could be made for the creep rupture 
curve at 20°C; this can be seen in Figure 5–2.  The  prediction gives a time 
to failure of a sample aged at 4MPa and 20°C in Ark opal for 70 years. 
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Figure 5–2 — The SEM prediction obtained for PE100 at 20°C from the two models seen in 
equations 5.5 and 5.6.  Solid lines are trend-lines from Figure 5–1; dotted line is the 20°C 
prediction. 
5.1.1.2 PE80–B 
The PE80–B samples were only tested at one temperature and hence the 
SEM prediction had to be modified; the B term in equation 5.1 is set to 0, 
therefore reducing the SEM to a parameter model.  Because of this 
modification the model cannot be extrapolated to lower temperatures, but 
can still be used to show the shape of the creep rupture curve for the 
PE80–B at 80°C.  Figure 5–3 depicts the creep ruptu re curve and 
examples of the failure surfaces that were observed.  The calculated knee 
was 4.53MPa, but as seen in Figure 5–3 the knee was not as obvious as 
that seen for the PE100 samples, it would be expected that with more 
tests the knee would become more clearly defined.  The equations for the 
SEM prediction are shown below (equation 5.7 brittle, equation 5.8 
ductile). 
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Figure 5–3 — Creep rupture curve for PE80–B samples aged at 80°C ( ♦).  Plotted trend-lines 
are the SEM.  Pictures show typical failure surfaces seen at different sections of the creep 
rupture curve. 
log
10
5 = 2.94 + −238.66  log10%6 5.7 
log
10
5 = 4.01 + −812.486  log10%6 5.8 
If the same acceleration factor were used as with PE100 then it suggested 
that a pipe in Arkopal at 20°C loaded at 4MPa would  fail after 40 years.  
This would be a very rough estimate and it has been seen in other studies 
that Arkopal has not accelerated polyethylene blends with different 
densities at the same rate [83]. 
5.1.2 PE100 Analysis 
The PE100 samples that were aged to failure included tests done at 65°C 
and 80°C.  This gave an insight into the effect of temperature on the 
degradation process and did allow some extrapolation of the chemical 
markers to lower temperatures. 
5.1.2.1 Visual Observations 
Visual inspection of the samples showed a small amount of discolouration 
on the sides of those samples aged for over 450 hours.  The amount of 
discolouration was highest on the failure surface, where a brown-orange 
colour was seen on the oldest samples (over 700 hours) and a lighter 
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yellow colour observed on the samples that failed between 450-700 hours; 
this discolouration can be seen in i and ii in Figure 5–4. 
 
Figure 5–4 — Images of 4 failure surfaces for PE100 samples aged at 80°C showing the 
variation between ductile and brittle fracture.  Samples failed after 679.6 (i), 463.9 (ii), 276.5 
(iii) and 102.6 (iv) hours.  The inner surface of the original pipe is at the bottom of the 
images. 
The samples that failed before 200 hours showed a very clear ductile 
failure (Figure 5–4 iv), with the ultimate failure very near the centre of the 
ligament.  Samples that failed between 200 and 450 hours had a distinct 
brittle area which grew larger with time (Figure 5–4 ii, iii), before ultimately 
failing in a ductile manner.  This was thought to be due to brittle crack 
propagation reducing the ligament area to a point where the stress would 
be high enough to cause a ductile failure.  Above 450 hours all failures 
were brittle, and showed little or no ductile failure (Figure 5–4 i). 
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Beyond 200 hours the final failure always occurred off centre, closer to the 
outer surface of the pipe wall.  The residual stresses and hence bending in 
the samples meant that the inner wall was under a greater amount of 
stress.  The crack would initially open up at this location and would then 
propagate towards the outer surface where ultimate failure would occur.  
Under 200 hours the stress was sufficient that the residual stresses were 
insignificant and the failure occur in the centre of the ligament area. 
The failure surface for the samples aged at 65°C ca n be seen in Figure 5–
5.  The effect of temperature can be seen clearly when comparing Figure 
5–5(iv) and Figure 5–4(i), both samples failed after approximately 600 
hours, the sample aged at 80°C showed a brittle fai lure surface while the 
sample aged at 65°C yielded a more ductile failure surface.  Figure 5–5(ii-
iii) show substantially more necking than that seen at 80°C; the final failure 
in these two samples was offset to the inner surface of the original pipe as 
with the 80°C samples, but there was also an offset  to the right of the 
sample.  The additional offsets were thought to be due to a minor 
misalignment when the samples were loaded into the grips.  These two 
samples also show a small amount of discolouration where parts of the 
surface have gone brown.  However, this discolouration is not in Figure 5–
5(i), which was aged for a longer amount of time.  The ultimate failure of 
Figure 5–5(i) is more akin to that seen in Figure 5–4, but with a much 
smaller ductile region, which is again offset to the inner surface of the 
original pipe. 
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Figure 5–5 — Images of the failure surfaces for PE100 samples aged at 65°C showing the 
variation between ductile and brittle fracture.  Samples failed after 1906.8 (i), 1217.8 (ii), 972.6 
(iii) and 621.1 (iv) hours.  The inner surface of the original pipe is at the top of the images. 
5.1.2.2 Scanning Electron Microscope (SEMi) Observations 
SEMi images of the regions of the failure surfaces were taken for a 
selection of samples aged at both 65°C and 80°C.  T hese images allowed 
a more detailed examination of the micro-mechanisms of failure that had 
occurred. 
Prior to SEMi image collection, samples were first evaluated visually in 
order to select suitable samples for further analysis.  Those found to most 
clearly exhibit the micro-mechanisms of failure were then examined using 
SEMi.  Three samples aged at 80°C were selected tha t clearly showed a 
ductile failure, a brittle failure and a combination of both brittle and ductile 
failures, one sample aged at 65°C was also tested f or comparison. 
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A SEMi image was first taken using low magnification to examine in more 
detail the regions where different types of failure had been visually 
observed.  More detailed images were then taken of areas of interest 
using higher magnification.   
Figure 5–6 shows a wide view of a sample that failed after 78.4 hours 
(Figure 5–6 i) and a close up of the ultimate failure (Figure 5–6 ii).  The 
edge of the initial notch can be seen in the far right and top of (Figure 5–6 
i), with the ultimate failure area visible in the bottom left.  The ridges 
leading from the corners of the original ligament to the failure region are 
due to the way that the sample was notched.  Due to the action of 
notching, the material around the notch tip is more tightly packed, hence, 
at the point at which both notches meet (the corner of the ligament) there 
was a marked build up of material.  This localised build up pins the crack 
thus causing the ridges that can be seen.  By considering the entire 
surface it can be seen that a ductile fracture mechanism has occurred; the 
drawing to the final failure clearly characterises this.  The point of ultimate 
failure (Figure 5–6 ii) has been caused by a large amount of bulk yielding 
which created a hole in the middle of the sample. 
 
Figure 5–6 — SEMi images of a PE100 sample that failed after 78.4 hours at 80°C in an 
Arkopal solution.  Whole surface at ×20 magnification (i), magnified view of highlighted area 
showing the ultimate failure at ×70 magnification (ii). 
Figure 5–7 was obtained from a sample that had initially failed in a brittle 
manner, but ultimately failed in a ductile manner.  This occurred after the 
ligament size decreased enough so that the applied load caused a stress 
great enough to cause drawing and then as the ligament reduced the 
stress increased above the yield stress, ultimate failure ensued.  On the 
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first Figure 5–7 i), the brittle failure mechanism can be seen by the rough 
texture in the top left of the image.  This then transforms into drawing 
ductile failure seen on the second image Figure 5–7 ii), where the brittle 
failure can be seen on the left and the ductile drawing on the right. 
 
Figure 5–7 — SEMi images of a sample that failed after 319 hours at 80°C in an Arkopal 
solution.  Whole surface at ×20 magnification (i), magnified view of highlighted area showing 
the brittle to ductile transition at ×75 magnification (ii). 
Figure 5–8 shows a sample that failed in a brittle manner after 753.9 
hours, but again, the final area of failure was in a ductile manner.  The left 
image (Figure 5–8 i) clearly shows the rough textured brittle failure on the 
bottom and a ductile area towards the top of the image.  The second 
image (Figure 5–8 ii) shows how, that even with lower levels of stress, the 
corners of the original ligament are pinned by the extra material present 
due to notching.  A small amount of ductile yield can also be seen at the 
beginning of the crack, at the edge of the notch. 
 
Figure 5–8 — SEMi images of a sample that failed after 753.9 hours at 80°C in an Arkopal 
solution.  Whole surface at ×15 magnification (i), corner of the ligament at 
×75 magnification (ii). 
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A sample aged at 65°C was also examined using SEMi,  Figure 5–9 shows 
images of this sample, which failed after 621.1 hours.  On the overview 
image (Figure 5–9 i) regions of brittle and ductile failure can be seen.  The 
second image shows the ultimate failure of the sample, showing areas of 
bulk yielding (Figure 5–9 ii).  The third image (Figure 5–9 iii) is of a highly 
magnified part of the ultimate failure; fibres that have been pulled and 
eventually failed can be seen.  A section of material that has been pulled 
and then relaxed after failure thus creating the snake like structure seen at 
the top of the image is also shown. 
 
Figure 5–9 — SEMi images of a sample that failed after 621.1 hours at 65°C in an Arkopal 
solution.  Whole surface at ×20 magnification (i), a magnified view of the highlighted region 
showing the ultimate failure ×70 magnification, a further magnified view of the highlighted 
area showing the edge of the ultimate failure at ×500 magnification. 
SEMi can also be used to examine how the failure micro-mechanisms are 
affected by the Arkopal solution.  For this, images of both ductile (Figure 
5–10) and brittle (Figure 5–11) areas were captured at high magnification.  
On comparison with SEMi images taken from failures of tests performed in 
water [7,84,105-107] (Figure 5–12), the results obtained showed similar 
characteristics.  This suggested that the failure mechanisms are 
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comparable, but may not be brought about for the same reasons.  The 
consequence of this was that although the mechanism of failure (brittle or 
ductile) can be determined by SEMi images, the events leading to failure 
(i.e. chain scission and disentanglement) cannot be determined from the 
SEMi images.  The images of the water samples also show a finer 
microstructure, this was thought to be due to the higher micro ductility of 
the samples aged in Arkopal [84,108]. 
 
Figure 5–10 — SEMi images of areas of ductile failure.  ×100 magnification (i), ×550 
magnification (ii). 
 
Figure 5–11 — SEMi images of areas of brittle failure.  ×100 magnification (i), ×550 
magnification (ii). 
 
Figure 5–12 — SEMi images of areas of brittle failure of PE80 aged in water at 80°C ×500 
magnification [84]. 
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5.1.2.3 Density 
Density measurements were made of all the failed samples, three samples 
showed a particularly low density compared to what was expected and 
seen with other samples (Figure 5–13, the three samples can be seen 
below the 80°C trend line almost on the 65°C trend line); these were re-
tested and the other “half” of the failed sample also tested.  In all cases 
lower densities were observed, consequently, a number of virgin samples 
were then tested to investigate if this variation was caused by ageing or 
because of a large range in initial densities of the samples.  Ten samples 
of virgin material, taken from the same pipe as the samples aged to 
failure, were tested and density variation was seen.  Eight samples had 
the same density, but it was found that the densities of other two samples 
were lower by almost 0.7kg/m3; it is important to note that this figure is 
outside the standard deviation recorded by the gas pycnometer used.  It is 
unknown whether the three aged samples came from similar location 
within the original pipe, but these variations in density highlight that the 
use of density to determine the age of the pipe is limited.  Figure 5–13 
illustrates the way in which the density of the pipe material increased over 
time.  The samples aged at 80°C showed a clear expo nential trend, as 
expected.  Samples aged at 65°C correctly form the start of a typical 
exponential curve; however, over the time tested a linear relationship is 
maintained.  All exponentials appear to tend to a maximum density of 
approximately 953kg/m3. 
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Figure 5–13 — Sample density measured for PE100 aged at 80°C ( ♦) and 65°C ( ■) in an 
Arkopal solution. 
5.1.2.4 Anti-oxidant Measurements 
Specimens were taken through the thickness of all samples that had failed 
and the OIT* measurements were taken.  These tests showed that as with 
the unstressed PE100 samples there was little reduction in the levels of 
anti-oxidants apart from at the sample surface.  There were signs of anti-
oxidant concentration reduction in areas other than at the surface for some 
samples aged for over 750 hours, however, not all samples showed the 
same amount of degradation through the sample.  A representative 
selection of profiles through the thickness can be seen in Figure 5–14. 
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Figure 5–14 — The profiles of the OIT* through half of the sample thickness for stressed 
specimens of PE100 aged at 80°C in Arkopal.  Dotted l ine shows virgin sample (♦), i) Aged 
for 117.6 hours (●), ii) Aged for 319.0 hours (●), iii) Aged for 657.4 hours (●), iv) Aged for 
812.5 hours (●). 
The OIT* on the surface for all samples was then plotted against failure 
time and an exponential function calculated (Figure 5–15).  Unlike 
research that uses OIT to determine the remaining anti-oxidant 
concentration, the exponential function used for the OIT* requires an 
offset, as it doesn’t reduce to 0, but to an asymptote.  This asymptote 
signifies the point when all anti-oxidants have either migrated from the 
material to the surrounding medium, or have been consumed whilst 
preventing oxidation.  During ageing, the point where there are no anti-
oxidants present, auto-oxidation can occur unhindered. 
The OIT* of the ductile samples exhibited a wider spread in temperature 
than seen in the samples which failed in a brittle manner; this was 
expected to be due to the reduced importance of OIT* in the mechanically 
dominated ductile failures. 
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Figure 5–15 — Surface OIT* plotted against time on a logarithmic axis for PE100 aged at 
80°C ( ♦) and 65°C ( ■) in an Arkopal solution. 
The OIT* of virgin material was 253.5±0.5°C the asy mptote was at 
approximately 223°C, this would be the expected OIT * of unstabilised 
polyethylene; however no unstabilised polyethylene could be found to test 
and no recorded value could be found to confirm this hypothesis.  The 
reduction to the asymptote value can be more clearly seen on a non-
logarithmic scale (Figure 5–16).  The OIT* of the sample 80°C clearly 
trends to this value of 223°C, however as no sample s aged at 65°C were 
aged for a long enough period of time it was hard to confirm that the 
values would trend to this asymptote, however it was thought that the 
ageing temperature would not affect the OIT* at this asymptote.  Where 
this asymptote lies would be extremely important in using the OIT* as a 
device for determining remaining in-service life of a pipe, as this would 
signify the end point. 
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Figure 5–16 — Surface OIT* for PE100 aged at 80°C ( ♦) and 65°C ( ■) in an Arkopal solution.  
The reduction to minimum value in the 80°C plot can  clearly be seen. 
5.1.2.5 Crystallinity and Melt Temperature 
All the samples of PE100 were studied using a DSC and the 
thermographs analysed to determine the crystallinity and the melt 
temperature.  The two test temperatures allowed an insight into the effect 
of temperature on the change of the crystallinity and melt temperature. 
It was expected that the higher the test temperature the greater the 
amount of oxidation and the higher the rate of degradation.  However, 
when considering crystallinity, as shown in Figure 5–17, there was in fact 
a much smaller than expected difference between the two test 
temperatures.  This indicated that the rate of crystallisation had a much 
lower dependency on temperature than any of the other chemical markers 
tested.  Interestingly, the increase in crystallinity was also a lot lower than 
expected when compared to those previously reported for hydrostatic tests 
[44].  The degree of crystallinity only increased by a maximum of 3.5% in 
the 80°C samples and 6.5% in the 65°C samples; even  when considering 
the possible experimental uncertainty, an increase of 10–20% would be 
expected [44].  Because of this unexpectedly small range, the uncertainty 
of predicting the age and remaining in-service life of a pipe is large 
(approximately 14%). 
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Figure 5–17 — The variation in percentage crystalline material for PE100 aged at 80°C ( ♦) 
and 65°C ( ■) in an Arkopal solution. 
In contrast, the melt temperature (Figure 5–18) showed an exponentially 
decaying correlation as exposure times increased.  This was indicative of 
a much greater dependence upon the temperature at which the samples 
were aged, compared to the dependence seen for the crystallinity of the 
samples.  As with the anti-oxidant concentration results, the spread of the 
melt temperature results are greater for samples which failed in a ductile 
manner as compared to those which failed in a brittle manner.  The melt 
temperature was seen to plateau as ageing time increased, indicating that 
there was minimal change between the samples.  As a result this would 
make distinguishing between specimens of different ages very difficult, if 
not impossible. 
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Figure 5–18 — The increase of melt temperature observed for PE100 aged at 80°C ( ♦) and 
65°C ( ■) in an Arkopal solution. 
The melt temperature also exhibited a very small variation; the change 
over 800 hours at 80°C was seen to be less than 1°C .  Because of this 
small spread the DSC used to calculate the results had to be very 
accurate and correctly calibrated to ensure that the results were correct 
and an accurate determination of the age of the sample could be made.  
The DSC results showed that the uncertainty of 0.1°C recorded was 
significant when compared to the overall range of 1°C; an error of up to a 
10% was therefore possible.  Due to the trend that the melt temperature 
exhibited it was hard to determine how this experimental uncertainty 
related to doubt in predicting the age of the pipe.  Even though the 
uncertainty was great it was the shape of the curve seen and especially 
the plateau that meant that the melt temperature was unsuitable for 
determining the remaining in-service life of a polyethylene pipe. 
5.1.2.6 Carbonyl Index 
The carbonyl index showed a slight tendency to increase over time; it was 
found that this was more rapid in the samples aged at 80°C as compared 
to those aged at 65°C.  From previous research the carbonyl index should 
show an exponential increase when brittle fractures occur [43], however, 
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no rapid increase can be seen in Figure 5–19.  Pinter et al. examined films 
aged in Arkopal and found no carbonyl product formation [84], this 
together with the results in Figure 5–19 suggest an inconsistency between 
the production of carbonyl products in water and Arkopal aged samples. 
As previously mentioned when discussing the unstressed samples 
(Chapter 4), the noise on the scans was high, this adds to the uncertainty 
of the figures found; error bars illustrate the average scatter observed.  As 
with melt temperature, the experimental uncertainties were very significant 
when compared with the range of the results; a range of 0.1 was observed 
with an average uncertainty of 0.02.  This yields an uncertainty of 20% of 
the overall range.  This was too high to be useful when determining the 
age of the sample or the remaining in-service life of the sample. 
 
Figure 5–19 — Ester carbonyl index showing the build up of carbonyl products material for 
PE100 aged at 80°C ( ♦) and 65°C ( ■) in an Arkopal solution. 
IR spectroscopy was also used to determine the possible sub groups that 
were present in the polymer samples.  The important peaks in this study 
were presented in Table 3-1.  Figure 5–20 shows typical scans of the 
virgin material and specimens aged at 80°C. 
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Figure 5–20 — IR spectra for polyethylene aged in Arkopal solution at 80°C for 0(black), 
78.4(red), 259.4(blue) and 812.5(green) hours. 
There are several points of interest in Figure 5–20; the broad peak around 
3450cm-1 was thought to be due to bound water held within the polymer 
structure.  Similarly, the peaks seen around 1000 cm-1 are thought to be 
from the Arkopal that has been held in the structure.  A sample of 
undiluted Arkopal was also scanned using FTIR this allowed a comparison 
of polyethylene and Arkopal to be made (Figure 5–21).  Many of the peaks 
between 1500–700cm-1 of the aged polyethylene have similar peaks in the 
Arkopal scan; this further suggests that a significant amount of Arkopal 
was being held in the polyethylene structure.  It was expected that as 
oxidation had occurred the carbonyl products formed would be visible 
around 1740–1700cm-1, however, their presence was seen to be smaller 
than expected.  This was also confirmed by the low carbonyl index shown 
in Figure 5–20.  Previous studies carried out in water [7], found that the 
generation of carbonyl products, increased the carbonyl index 
exponentially; here a much smaller, linear increase was observed. 
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Figure 5–21 — IR spectra comparing Arkopal and polyethylene.  Virgin polyethylene (black), 
aged polyethylene (green) and Arkopal (red). 
Figure 5–22 shows the IR spectra for samples aged at 65°C.  Although 
very similar to those seen in Figure 5–20, the peak seen at 1600cm-1 is 
significantly larger.  This was thought to be due to the difference in the 
ageing temperatures and the way in which the double bonded oxygen 
behaved.  At the lower temperature the peak at 1000cm-1 was weaker; it 
was thought that this was directly linked to the increase in the 1600cm-1 
peak, but still due to the Arkopal that is held in the structure, but in a 
different way due to the decrease in the ageing temperature.  This needs 
further study and a definite answer to why these differences are seen was 
not fully understood. 
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Figure 5–22 — IR spectra for polyethylene aged in Arkopal solution at 65°C for 0(black), 
621.1(red), 972.6(blue) and 1217.8(green) hours. 
Although direct examination of the IR spectra could not be used to predict 
pipe age or remaining in-service life, the presence of certain characteristic 
peaks allowed an insight into how the polyethylene structure has been 
altered. 
5.1.2.7 Molecular Weight Distribution 
Samples were sent to RAPRA where the molecular weight distribution was 
determined using GPC; this was kindly carried out by Dr. Steve Holding.  
The initial results which are shown in Figure 5–23, indicated that there was 
a minimal change in the molecular weight average (Mw).  If chain scission 
had occurred then a large decrease in MW should have been seen; 
alternatively, if chain cross-linking had predominated the MW would have 
increased.  Although Figure 5–23 does show that the MW of the samples 
tested did decrease (though this decrease was less than the experimental 
uncertainty), it was not as considerable as would be expected when 
compared to past studies [43]. 
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Figure 5–23 — Weighted molecular average weight for PE100 aged at 80°C ( ♦) and 65°C ( ■) in 
an Arkopal solution.  Due to the lack of a significant trend in these initial values no further 
tests were done. 
On the advice of Dr. Holding [109] no further GPC was attempted on the 
PE100 samples, as there was no significant change over the span of the 
ageing period.  It was therefore concluded that from these results any 
degradation that had occurred had not affected the molecular weight.  
Although this could be due to minimal chain scission or cross-linking or the 
same amount of chain scission and cross-linking occurred which 
proportionally did not affect the GPC results; it appeared unlikely that any 
of the expected degradation had in fact occurred.  It was thought that a 
mechanism of disentanglement, which would not affect the MW, could also 
account for the weight averages obtained. 
5.1.3 PE80–B Analysis 
A number of samples of the PE80–B material were tested to failure at 
80°C; the lower test temperature of 65°C could not be investigated due to 
project time constraints.  These samples were used to investigate whether 
or not the same mechanisms occurred in the two different types of 
polyethylene blend.  This would then indicate how robust the final 
methodology for determining the remaining in-service life of pipes of any 
blend would be.  Assessment of how, if at all, the methodology would need 
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to be altered to fit different blends and grades of polyethylene was also 
studied, as this would be an important consideration in the selection of any 
method for determining the remaining in-service life of polyethylene pipes. 
It was not possible to manufacture FNCT samples from the PE80–A blend; 
this was due to the wall thickness not being sufficient.  Instead PE80–B a 
barrier pipe was used, the outer barrier was removed and FNCT samples 
manufactured from the inner core. 
5.1.3.1 Visual Observations 
Initial observations showed that there was less discolouration of the 
samples compared to the PE80–A pipes that had been aged under no 
stress.  There was a green tinge to the samples that had been aged for 
the longest period of time, but no white residue was seen on any of the 
samples.  White residue was observable on PE80–A samples aged 
beyond 500 hours, however, all PE80–B samples had failed by 450 hours 
of aging.  This does suggest that the build up of white residue only occurs 
after extended periods of exposure to the Arkopal.  The failure surfaces 
were not as discoloured as those seen on the PE100 samples, but the 
location of the areas of discolouration were the same with respect to the 
ultimate failure area. 
The other noticeable difference between the PE100 and PE80–B samples 
was the amount of necking seen on the PE80–B samples which exhibited 
ductile failures (Figure 5–24); this was considerably more than that seen 
on the PE100 samples that failed in a ductile manner.  As the PE80–B 
polyethylene yield strength was lower than that of PE100 it would be 
expected to neck more. 
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Figure 5–24 — The necking of PE80–B samples that failed after 136 (i) and 374.8 (ii) hours. 
It was found that, as with the PE100, the location of the ultimate failure 
with the PE80–B samples was affected by the stress applied (Figure 5–
25).  All ductile failures occurred in the centre of the sample, this was 
again due to the residual stresses being insignificant when compared to 
the applied stress.  However, as the applied stress reduced, the residual 
stresses become more significant and the ultimate failure was found to 
move toward the outer surface of the sample.  As the outer surface had to 
be removed from the samples for experimental purposes (section 3.2.2.1) 
it was thought that the residual stresses were consequently lower and 
hence the ultimate failure was closer to the centre of the ligament than 
with the PE100. 
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Figure 5–25 — Images of 3 failure surfaces for PE80–B samples aged at 80°C showing the 
variation between ductile and brittle fracture.  Samples failed after 136.0 (i), 374.8 (ii) and 
453.1 (iii) hours.  The outer surface of the original pipe is at the bottom of the images. 
5.1.3.2 Density 
Density measurements were made for all of the PE80–B samples.  The 
density of the virgin material was measured several times and there were 
significant differences between the values recorded; of the five virgin 
samples tested, four had values between 938.5–939.0kg/m3, but the other 
had a density of 939.6kg/m3.  Figure 5–26 illustrates the variation of 
density of the PE80–B samples against failure time.  Overall, the density 
of the samples increased with time to failure, but the variation in initial 
density of the samples caused some results to appear significantly higher 
than others.  A specific example of this was that the sample that failed 
after 170 hours appeared to have a significantly higher density than the 
other samples.  The density change in the aged samples was not 
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significant enough to outweigh the implications of the differing virgin 
material densities.  As the consistency of the virgin material density could 
not be predicted, determining the age of an arbitrary pipe would be difficult 
and hold a large potential for error.  As with the PE100 samples, the 
PE80–B density measurements cannot be used with confidence for the 
determination of pipe life time. 
 
Figure 5–26 — The sample density measured for PE80–B aged at 80°C in an Arkopal 
solution. 
The other important fact to note was that the error involved in measuring 
the density was very large compared to the spread of results.  During 450 
hours of ageing the density only increased by 0.8kg/m3, while the average 
error recorded was 0.2kg/m3, this 25% error made it hard to distinguish 
between samples of different ages. 
5.1.3.3 Anti-oxidant Concentration 
Interestingly, no change in OIT* was seen through the pipe thickness for 
the sample that failed after 450 hours.  The specimen that failed after 270 
hours was also tested in the same way and it was again found that there 
was no obvious variation in OIT*.  Because of these findings, the OIT* of 
the other PE80–B samples was then obtained only from the sample 
surface.  Initial OIT* tests carried out with the virgin PE80–B showed the 
938.0
938.5
939.0
939.5
940.0
0 50 100 150 200 250 300 350 400 450 500
Sa
m
pl
e 
De
n
si
ty
 
(kg
/m
3 )
Ageing Time (Hours)
Chapter 5 
176 
 
OIT* was lower than that for virgin PE80–A (250.7°C  compared with 
253.6°C).  This was thought to be due to the differ ences in the two blends 
of PE80 used and that they are expected to have different anti-oxidant 
suites that would have differing resistance to oxidation. 
As with the PE100 results the OIT* results did not decay to zero, but to an 
offset asymptote.  The results obtained for PE80–B (Figure 5–27) showed 
that for the sample aged for the longest time, the remaining amount of 
anti-oxidant was very low; suggesting that nearly all the anti-oxidants had 
been used up.  The asymptote of the exponential decay can be seen to lie 
just below 210°C.  The reduction of anti-oxidants a ppears more rapid than 
for the PE100 samples and this was thought to be for two reasons.  Firstly, 
the reduced crystallinity of the PE80–B would allow leaching to occur from 
the sample surface more easily.  There would therefore be a greater 
amount of amorphous material, which contains the anti-oxidants, at the 
surface of the sample.  Hence, a larger surface area from which the anti-
oxidants may leach from into the surrounding medium is available.  
Secondly, the PE80–B samples were obtained from the core of a barrier 
pipe and the style of anti-oxidant suite used in these pipes compared to 
regular pipe is not known. 
 
Figure 5–27— Surface OIT* measured for PE80–B aged at 80°C in an Arkopal solution. 
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5.1.3.4 Crystallinity and Melt Temperature 
The crystallinity and melt temperature were measured for the PE80–B 
samples that failed after ageing.  As with the PE100 samples the increase 
in crystallinity was much lower than expected (Figure 5–28), an increase 
of only 5% was observed between the virgin sample and the sample that 
failed in a stage III manner, after 450 hours.  Hydrostatic ageing tests in 
water performed by Viebke et al. [44] have shown a much higher increase 
in the crystallinity when virgin material is compared to brittle failures.  This 
small increase in Figure 5–28 suggests that few chain scissions (along 
with the MW findings in section 5.1.3.6) has occurred which would lead to a 
higher crystallinity.  Figure 5–28 also shows that the errors associated with 
the crystallinity measurements were significant; the range of the results 
was only 5% crystallinity, the uncertainty of these are then 10% of the 
range.  Confidence in using these figures for determining the age and 
remaining in-service life of the material would therefore be reduced. 
 
Figure 5–28 — The variation in percentage crystalline material PE80–B aged at 80°C in an 
Arkopal solution. 
The results in Figure 5–29 showed a similar form to the other melt 
temperature results already described.  As with the stressed PE100 a 
plateau of results is seen after approximately 100 hours.  Hence the range 
of the results was gain very small (only 1°C covere d all the results and 
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only 0.2°C covered all the results after 100 hours of ageing).  This small 
range compared with the experimental uncertainty as shown before 
decreases the accuracy of the predictions made using these results. 
 
Figure 5–29 — Melt temperature results for PE80–B aged at 80°C in an Arkopal solution. 
5.1.3.5 Carbonyl Index 
As with the carbonyl indexes calculated for other materials the limited 
increase seen in Figure 5–30 suggests that there was limited oxidation 
occurring during the ageing of PE80–B.  There was an overall increase in 
the carbonyl product seen, but this increase was smaller than expected 
from other research using water as the ageing medium [43] and in inert 
atmospheres [20]. 
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Figure 5–30 — Ester Carbonyl Index against Failure Time for PE80–B aged in Arkopal at 
80°C. 
The limited range of the results again increases any level of uncertainty 
due to the noise on the original IR spectra.  With the range of results only 
0.025 and the uncertainties seen to be approximately 0.02, the uncertainty 
was an unusable 80% of the range. 
5.1.3.6 Molecular Weight Distribution 
Surface specimens taken from the failed PE80–B samples were tested by 
Dr. Steve Holding at RAPRA and the molecular weight averages 
calculated.  The calculated results showed little or no difference as the 
time to failure increased; it is well documented that as oxidation occurs 
chain scission causes a reduction in MW [17].  However, Figure 5–31 
shows there was a maximum decrease of MW of only 5; in contrast Viebke 
et al. [44] reported a decrease of approximately 170 in brittle type failures 
aged in water and Dear and Mason saw a reduction of 50 when testing in 
chlorine [63,110].  There was also little correlation between MW and time to 
failure, and no correlation between MW and perceived mode of failure, 
which had previously been observed. 
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Figure 5–31 — Weight averaged molecular weight against Failure Time for PE80–B samples 
aged in Arkopal at 80°C 
The PE80–B samples were tested at a similar time to the PE100 
specimens in order to maintain consistency.  The scatter seen in Figure 5–
31 and the lack of any significant change in MW of these and the PE100 
samples indicated that these approaches could not be used with 
confidence to predict pipe age nor failure time.  It was decided that further 
testing was not to be carried out and that the predicted polyethylene 
oxidation had in fact not occurred as expected [109]. 
5.1.4 Failed Samples Summary 
The results described above indicate that the degradation of polyethylene, 
of any blend, occurs differently in a 2% Arkopal solution than in water 
alone.  All of the tests investigated yielded changes which were less than 
expected and there were high error margins.  However, some tests 
followed their expected trends, but the magnitude of these changes were 
smaller than expected; suggesting that there was some correlation 
between water-treated samples and those aged in Arkopal. 
With the density tests it was found that the virgin pipe material had too 
great a range compared to the overall increase shown by the aged 
material.  Once the accuracy of the experimental set-up had been taken 
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into account the relationship between time to failure, age of material and 
density change could not be established reliably or consistently. 
When melt temperature was investigated the reported results formed a 
plateau region showing little or no increase as failure time increased.  It 
would be expected that the melt temperature would have shown a 
dependency upon the temperature at which ageing was carried out.  
Although ductile and brittle failures were identifiable the key issue here 
was the plateauing of the results which prevent an accurate assessment of 
pipe age and remaining life time. 
OIT* appeared to give a good correlation and the uncertainty was small 
compared with the overall range of the results seen; importantly, an 
accurate starting OIT* and asymptote value were required.   
Carbonyl index, crystallinity and molecular weight average were not seen 
to follow trends previously reported when polyethylene was aged in water.  
These methods yielded large uncertainties when compared to the results 
observed, however, the uncertainty was not large when compared to the 
magnitude of the results seen in Chapter 2 suggesting that the methods 
could possibly be used if these large ranges were observed. 
The main aim of this project was to establish a reliable method with which 
to determine the age and remaining service life of a pipe.  It has been 
assumed that this overall method would be comprised of several known 
approaches which would give detailed information pertaining to the 
chemical markers indicative of oxidation.  However, the reported 
uncertainties described above mean that several of those proposed 
approaches now appear unsuitable.  The OIT* does appear to have many 
of the characteristics required for the final method. 
5.2 Specimens Removed Before Failure 
Once the time to failure at a certain stress had been established, samples 
were then aged under similar stresses but removed before they failed; this 
allowed changes in the polyethylene to be tracked over time.  After 
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considering the results obtained in unstressed PE100 samples in section 
4.2 it was decided that samples would be removed at 100 hour 
increments.  Samples of PE100 were aged under two stress “levels”; 
these were approximately 3MPa and 4MPa.  Due to the inaccuracies seen 
in measuring the stress before failure, these levels were approximate and 
were confirmed after the samples had been aged.  After the samples had 
been cooled using liquid nitrogen the remaining ligament was broken up 
using an impact test.  This approach meant that the induced failure 
surface would be significantly different to any crack that might have 
formed; cracks could therefore still be examined.  The spread of the 
calculated initial applied stress that was established once the true ligament 
area was known and was seen to be within ±0.3MPa for all samples.  The 
applied stress increased during the test; this was due to the load being 
kept constant, while the ligament area decreased as the sample degraded.  
As the exact rate of increase of applied stress over time was not known; it 
was assumed that samples with the same initial applied stress had a 
similar applied stress after a given time.  The results for these specimens 
were then compared to samples that had been tested to failure under 
similar levels of initial applied stress (±0.3MPa). 
5.2.1 Visual Inspection 
Initial inspection of the failure surfaces showed that limited crack growth 
occurred within the first 300 hours of ageing.  From examination of the 
later samples it was seen that the majority of crack growth appeared to 
occur in the very last stages of ageing, just prior to failure.  Figure 5–32 
(4MPa) and Figure 5–33 (3MPa) show examples of the failure surfaces 
which were seen. 
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Figure 5–32 — Failure surfaces from PE100 samples stressed at 4MPa and aged for 100 (i), 
310 (ii) and 500 (iii) hours in an Arkopal solution at 80°C.  The inner surface of the original 
pipe is at the bottom of the images.  A: Areas of crack growth during ageing, B: The fracture 
surface caused by impact test.  The sample aged for 310 hours was incorrectly loaded into 
the impact test; hence, the direction of the facture goes down the image rather than up as 
seen on other images (ii). 
Little crack growth can be seen in Figure 5–32(i) (removed after 100 
hours), while in Figure 5–32(ii) (removed after 310 hours) there was a 
visible amount of crack growth on the inner surface.  After 500 hours 
(Figure 5–32(iii)) there was a significant amount of discolouration at the 
edges of the original ligament, the crack was slightly larger than that seen 
after 310 hours, but importantly was still less than half of the total ligament 
area.  This seemed to suggest that the rate of crack growth was slow in 
the beginning and the largest proportion of the crack growth occurred in 
the last 100–200 hours of ageing.  The cracks all starting from the inner 
surface of the sample seems to correlate well with the images obtained for 
failed samples (section 5.1.2.1). 
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Figure 5–33 — Failure surfaces from PE100 samples stressed at 3MPa and aged for 100 (i), 
300 (ii) and 600 (iii) hours in an Arkopal solution at 80°C.  The inner surface of the original 
pipe is at the bottom of the images.  A: Areas of crack growth during ageing, B: The fracture 
surface caused by impact test 
As with the samples aged at 4MPa the samples aged at 3MPa, seen in 
Figure 5–33, showed only a small amount of crack growth in the first 600 
hours of ageing.  When comparing the two figures above it was as 
expected; there was less crack growth at 3MPa than at 4MPa after the 
same amount of ageing.  There was also a small amount of discolouration 
on the sample aged for 600 hours, similar to the results that were seen for 
the failed samples where discolouration was seen in samples which failed 
after longer periods of ageing. 
5.2.2 Density 
The density of both sections of the non-failure samples were recorded 
after the specimen had been fractured using the impact test.  Figure 5–34 
clearly shows how the density increased linearly with ageing time, also 
that the increase was more rapid at higher stress.  The large differences in 
density thought to be due to variation in the initial density of the specimens 
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seen in section 5.1, were not present in these results; this suggests that 
the initial densities, of all the samples used for this section of the study, 
were similar. 
 
Figure 5–34 — The sample density of the non-failure PE100 specimens aged at 3MPa (♦) and 
4MPa (■) in a 80°C Arkopal solution.  Hollow samples repre sent samples that failed under 
similar stress. 
5.2.3 Oxidation Induction Temperature 
The OIT* was obtained at the surface of each of the samples, these were 
then compared with the values obtained for samples that had been aged 
to failure under similar stresses. 
When non-failure samples at the two different stresses were compared 
(Figure 5–35) little difference was seen in OIT*.  It would therefore appear 
that applied stress has less of an effect upon the reduction of anti-oxidant 
concentration than with other chemical markers.  The OIT* recorded for 
non-failure samples showed a less rapid, more linear reduction in OIT* 
than with the failed samples. 
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Figure 5–35 — OIT* of the non-failure PE100 specimens aged at 3MPa (♦) and 4MPa (■) in a 
80°C Arkopal solution.  Hollow samples represent sa mples that failed under similar stress. 
5.2.4 Crystallinity and Melt Temperature 
As with the failed samples the crystallinity was measured on the surface of 
the specimens.  The two levels of stress used showed very similar trends 
to each other and to the results seen for the failed samples.  It can be 
seen in Figure 5–36 that the results were very similar and closely matched 
the correlation shown in Figure 5–17.  These results indicated that 
crystallinity appeared to be more dependent on the amount of time that the 
sample was aged for rather than the amount of stress applied. 
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Figure 5–36 — The variation in percentage crystallinity of the non-failure PE100 specimens 
aged at 3MPa (♦) and 4MPa (■) in a 80°C Arkopal solution.  Hollow samples repre sent 
samples that failed under similar stress.  The trend line displayed is that found in Figure 5–
17. 
As with crystallinity, the melt temperature showed little variation between 
the samples aged for similar times with different applied stress.  The 
results for PE100 all overlapped one another (including the results seen in 
section 4.2.4), this was similar to the results seen in the failed samples 
and again indicated that melt temperature was reliant upon Arkopal 
exposure time and not ageing time nor applied stress.  The similarities can 
be seen in Figure 5–37; the results appear to increase to a plateau (this 
plateau appeared to lie at 129.4±0.1°C).  The sampl e aged for 
approximately 400 hours with an applied stress of 3MPa, had a melt 
temperature that was far lower than expected and more material from the 
specimen was tested.  These results were again lower than expected; it 
was not clear why this result was comparatively so low, material defects 
could be responsible, although no significant other anomalies were seen 
during testing with the sample. 
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Figure 5–37 — The melt temperature of the non-failure PE100 specimens aged at 3MPa (♦) 
and 4MPa (■) in a 80°C Arkopal solution.  Hollow samples repre sent samples that failed 
under similar stress. 
5.2.5 Hydroperoxide Concentration 
Solutions were generated using the reflux system outlined in section 3.3.6; 
approximately 0.5g of material was taken from the surfaces of the 
samples.  To minimise test inaccuracies three repeats per sample had 
been suggested [103], but this was impractical due to sample size and as 
a result only one reflux was possible.  Hence, these results had to be 
treated as a guide to the amount of hydroperoxide that had been formed 
and not as an accurate indication of the quantity of hydroperoxide formed. 
The build up of hydroperoxide can be seen in Figure 5–38; it was 
assumed that any result below an absorbance of 0.08 was negligible and 
that the material had no significant hydroperoxide content [103].  All the 
failed samples showed a significant level of hydroperoxide, but these 
levels were considerably lower than those reported by Hoang and Lowe 
[10].  Their study showed levels of absorbance greater than 1 for stage III 
failures; this was ten times higher than seen in the results reported here.  
The reduced hydroperoxide quantities reported here indicated that less 
128.0
128.2
128.4
128.6
128.8
129.0
129.2
129.4
129.6
129.8
130.0
0 200 400 600 800 1000
M
el
t T
em
pe
ra
tu
re
 
At
 S
u
rfa
ce
 
(o C
)
Ageing Time (Hours)
Chapter 5 
189 
 
oxidation had occurred during the ageing times than expected; 
hydroperoxide production correlated directly to the degree of oxidation 
[10]. 
 
Figure 5–38 — The UV absorbance at 420nm of the non-failure PE100 specimens aged at 
3MPa (♦) and 4MPa (■) in a 80°C Arkopal solution, which indicates the a mount of 
hydroperoxide ions that have been formed.  Hollow samples represent samples that failed 
under similar stress.  The dotted line indicates the 0.08 absorbance, below which the 
hydroperoxide concentration is considered not significant  
The sample aged for approximately 400 hours at 4MPa in the Arkopal 
solution showed a much higher absorbance than would be expected.  At 
first the reason for this was unclear and seemed to be due to experimental 
error.  It was discovered that the sample had came from a section of pipe 
that had been stamped using orange ink; used to identify the type of pipe 
and the Standards to which it was manufactured.  It was suspected that 
this orange ink was present in the sample and thus caused a higher 
reading.  As the wavelength 420nm in the UV spectrum is a yellow-orange 
colour, the presence of material of this colour would affect the results.  
Two virgin samples of material with the orange ink were then tested and 
absorbance of 0.62 and 0.59 observed.  This seemed to confirm that the 
high result seen with the sample aged for 400 hours was due to the 
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presence of this orange ink and not to the additional formation of 
hydroperoxide.  Due to the lack of material available the result could not 
be repeated, but it was expected that an absorbance below 0.08 would 
have been seen; this would be similar to other results aged for similar 
periods of time. 
5.2.6 Carbonyl Index 
The carbonyl index was calculated for each of the non-failed samples and 
compared to values obtained for samples which had failed (Figure 5–39).  
An increase was seen over time, but this increase did not appear to follow 
a specific trend; as shown from the scatter produced.  The increases in the 
values for the two different stresses appeared to be uniform for the first 
200 hours, but the results began to diverge at 300 hours.  The amounts of 
carbonyl product appeared to increase more rapidly at lower stresses.  
Due to the large uncertainty of the results there was overlap in the 
possible range of the values, hence, this more rapid increase could not be 
confirmed. 
 
Figure 5–39 — Ester carbonyl index values for the non-failure PE100 specimens aged at 
3MPa (♦) and 4MPa (■) in a 80°C Arkopal solution, which indicates the a mount of 
hydroperoxide ions that have been formed.  Hollow samples represent samples that failed 
under similar stress. 
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The sample aged for 400 hours at 4MPa that contained the orange ink, as 
explained above, a much higher hydroperoxide value than expected was 
seen.  If significantly more oxidation had occurred in this sample, then a 
much higher carbonyl index would be expected; as the carbonyl index was 
similar to other indexes.  It was concluded that it was indeed the orange 
ink that caused the higher UV absorbance in the hydroperoxide test and 
not significantly more oxidation occurring. 
5.2.7 Summary of Samples Removed Before Failure 
As with the results in section 5.1 the exact mechanisms of the degradation 
of polyethylene appear to differ between ageing in Arkopal and ageing in 
water.  The results do show that the majority of crack growth occurs in the 
last 100 to 200 hours of ageing for samples that failed after approximately 
700 hours.  The chemical markers showed consistent results with the 
samples aged to failure, though the effect of stress seemed to be minimal 
in most cases, which goes against the findings of Popov et al. [24], that 
suggest that stress increased the rate of oxidation.  This further confirmed 
that oxidation was not the mechanism of degradation occurring in the 
samples. 
The density, crystallinity and carbonyl index again had lower than 
expected values and due to this the experimental uncertainty means that 
predictions using these markers would be imprecise. 
The melt temperature of the samples again showed a plateau; meaning 
there was no way of determining the age of a sample; as after 100 hours 
of ageing all the samples had the same melt temperature ±0.1°C.  As with 
the crystallinity there was no dependency on applied stress and all the 
results (stressed, unstressed and non-failure samples) had approximately 
the same relationship between the marker and ageing time. 
The OIT* again showed the most promising results.  The experimental 
uncertainty was low compared to the range which would mean that the 
predictions based on the OIT* would be more reliable.   
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The results for the hydroperoxide concentration showed promising results 
though the values are not as high as the concentrations seen by Hoang 
and Lowe [10].  However, care must be taken so that the sample used for 
this analysis does not contain any of the orange ink used to mark the 
Standard on to the pipe. 
5.3 A Comparison of Ageing Media 
Three samples were aged in water to determine the approximate 
acceleration factor a 2% Arkopal solution would have upon the 
degradation of polyethylene.  This also allowed investigation into any other 
implications the use of Arkopal had on the chemical markers which would 
be examined.  These samples had stresses of 3.6, 4.5 or 4.9MPa applied 
to them during the ageing process.  After six months (4320 hours) the 
samples had to be removed as the ageing tank was required for the 
Arkopal aged samples; with only a limited number of test stations the 
Arkopal aged samples were deemed to be the more important tests and 
so they took preference.  Analytical experiments were still carried out on 
the samples and the outcomes compared to the results for samples aged 
in Arkopal detailed above. 
After the collation and comparison of results pertaining to the material 
aged under stress to failure or non-failure, it was necessary to understand 
why the results differed to those previously reported.  By considering the 
results obtained from samples aged in water it should be possible to 
determine whether these differences were due to the FNCT approach or 
the use of Arkopal. 
5.3.1 Visual Comparison 
The sample aged at 4.9MPa showed the largest crack, its point of origin 
was seen to be at the inner surface of the original pipe (Figure 5–40).  As 
expected the crack growth was less for the other two samples which had 
been aged at lower stresses.  The point of origin for the crack was the 
same for all samples, regardless of stress.  This confirmed that the degree 
of crack growth was dependent upon the amount of stress applied.  These 
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results concur with those for the samples aged in Arkopal; crack growth 
originated at the inner pipe surface, and was more rapid when the sample 
experienced increased stress. 
 
Figure 5–40 — A side view of the PE100 sample aged in water at 80°C stressed at 4.9MPa.  
The inner surface of the original pipe is on the right of the sample. 
There was a significant amount of discolouration on all three samples; this 
appeared as a turquoise green in the exposed regions.  Interestingly, the 
observed discolouration was considerably more noticeable on the samples 
aged in water than those aged in Arkopal.  Figure 5–41 shows the sample 
aged at 4.5MPa in water as compared with a sample aged for 500 hours 
at 4MPa in the 2% Arkopal solution both at 80°C.  T here was an obvious 
difference in colour and the areas covered by the grips are clearly seen to 
be less discoloured.  It does appear that a small amount of seepage of 
water may have occurred down the side of the clamps, seen by the slight 
discolouration at the ends of the samples. 
 
Figure 5–41 — A side by side comparison of samples of PE100 aged in water at 80°C (top) 
and aged in Arkopal solution at 80°C (bottom). 
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Visual inspection of fracture surface also showed the effect of the stress 
on the crack size; Figure 5–42 shows that the area of failure grew as the 
amount of applied stress was increased; this can be seen by the larger 
regions of white around the edge of the original ligament.  The failure 
surfaces for the samples aged at 4.5 and 4.9MPa show much more crack 
growth than the oldest of the samples aged in Arkopal, however, neither 
appeared to be near failure. 
 
Figure 5–42 — Images of the failure surfaces of PE100 samples aged in water at 80°C for 
4230 hours at 4.9 (i), 4.5 (ii) and 3.9MPa(iii).  The inner surface of the original pipe is at the 
bottom of the images. 
5.3.2 SEMi Comparisons 
After the sample aged at 4.9MPa had been removed from the water bath, 
but prior to impact testing (used to fracture the remaining ligament), SEMi 
images were taken of the inside of the slightly opened crack on its surface.  
This gave an insight into the way that the crack formed and how it grew.  
These were compared with images taken of a sample which was aged in 
Arkopal for 600 hours. 
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The images of the crack from sample aged in water can be seen in Figure 
5–43 at three different magnifications, a back scatter image is also shown 
to provide a different perspective.  These images were obtained with the 
help of Dr. Ambrose Taylor.  Figure 5–43 (i) and (ii) show the general 
crack area, with the fibril zone visible in the middle of the crack.  An 
amount of local yielding was visible on the sides of the crack and the top 
left image shows pinning in the corner of the ligament, this had also been 
seen on the Arkopal failed samples.  The flecks seen all over the crack 
area suggest a brittle fracture type, which would have been caused by 
material embrittlement leading to chain scission.  Figure 5–43 (iii) and (iv) 
show a magnified view of the area around the crack tip, the fracture 
material appears almost frayed and the flecks appear more dense towards 
the centre of the of the crack tip.  The back scatter image shows the initial 
yielding more clearly; it appears to be only on one side of the crack (the 
left side of the crack), while the other side appears more fibrous 
 
Figure 5–43 — SEMi images taken of the corner of the sample aged at 4.9MPa in 80°C water; 
standard images at ×200 magnification (i), ×250 magnification of the top surface of the 
crack(ii) and ×500 magnification view of highlighted region(iii).  A 3D back scatter image at 
×250 magnification (iv) 
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Figure 5–44 shows the SEMi image taken into the crack of the sample 
aged for 600 hours in Arkopal.  Due to the crack being a lot smaller in this 
sample, fewer electrons can be rebounded into the detector and hence the 
clarity of the image is reduced.  However, the image still shows no sign of 
the fibrous strands which are seen clearly in Figure 5–43.  Importantly, the 
two cracks look significantly different; this could be due to one of three 
reasons.  Firstly, the crack shown in Figure 5–44 could have just 
propagated less.  The differences in applied stress could have caused the 
cracks to develop in a different way; the sample in Figure 5–44 was aged 
at 3.2MPa, while, the sample in Figure 5–43 was aged at 4.9MPa.  The 
final possibility would be that the Arkopal solution has induced different 
mechanisms of failure to occur as compared to water.  It was thought that 
the reason for the difference in the cracks was a combination of the three 
reasons outlined, but from the chemical results seen, the differences in 
mechanism seemed to be the more likely.  However, without further 
investigation it was not possible to determine which would be the 
dominating factor. 
 
Figure 5–44 — SEMi image of the crack development seen in a PE100 sample aged for 600 
hours at 3.2MPa in Arkopal solution at 80°C ×1000 ma gnification. 
Images of the failure surface were also obtained when the samples had 
been fractured using an impact test.  These images can be compared with 
the images seen in Figure 5–10, Figure 5–11 and Figure 5–12 in order to 
identify any similarities and obvious differences.  The images compiled 
below (Figure 5–45) are of the sample aged at 4.5MPa, Figure 5–45(i) 
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clearly shows the fracture caused by the impact on the left and the failure 
caused by crack growth on the right. 
 
Figure 5–45 — SEMi images taken of the failure of the sample aged at 4.5MPa in 80°C water; 
the crack tip at ×140 magnification (i), islands in the bottom highlighted region (ii) and brittle 
failure in the top highlighted region (iii) both at ×500 magnification. 
Figure 5–45 (ii and iii) show two distinct features of the crack growth; 
Figure 5–45 (ii), small islands of protruding material can be seen, while 
Figure 5–45 (iii) shows the brittle fracture that has occurred, seen by the 
wispy fracture surface.  The islands are thought to be formed, due to areas 
of non failed material, which have been fractured in the impact test.  The 
brittle failure surface was very similar to those seen in samples aged in 
Arkopal; though the water sample was much less wispy than the fibrous 
regions of the Arkopal samples.  Figure 5–45 (iii) shows very similar 
characteristics to Figure 5–12 [84], confirming the lower micro-ductility of 
the samples aged in water. 
5.3.3 Density 
The densities measured for these three samples were larger than for any 
of the specimens aged in Arkopal.  This suggested that more chain 
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scissions had occurred; this process would increase the density by 
allowing closer packing of the polyethylene chains thus causing a higher 
density.  Figure 5–46 shows that as the applied stress was increased the 
density also increased; this suggested that the higher applied stress had 
increased the rate of degradation; this finding agreed with the work put 
forward by Popov et al. [24]. 
 
Figure 5–46 — Density against applied stress for the PE100 specimens aged in water for 
4230 hours at 80°C.  Samples aged in water ( ♦) are compared to the highest value acquired 
in the Arkopal solution at 80°C ( ■).  Virgin material was plotted at 0MPa. 
5.3.4 Anti-oxidant Concentration 
As seen in research carried out by Pinter et al. [84] the rate of loss of anti-
oxidants was greater in Arkopal than in water and the anti-oxidant 
concentration was reduced to a lower level (seen by the lower OIT).  The 
OIT* results seen in Figure 5–47 are also similar; the water samples were 
much higher (almost 15°C) than the Arkopal samples even though these 
were aged for a significantly longer period of time.  The additional 
reduction seen in the Arkopal samples could be due to one of two 
reasons; either the Arkopal has caused an increased amount of leaching 
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anti-oxidants from the surface, or that the Arkopal has reacted with the 
anti-oxidants therefore reducing their effect as stabilisers. 
 
Figure 5–47 — OIT* at the surface against applied stress for the specimens aged in water for 
4230 hours at 80°C.  Samples aged in water ( ♦) are compared to the lowest value acquired 
(largest loss of anti-oxidant concentration) in the Arkopal solution at 80°C ( ■).  Virgin 
material was plotted at 0MPa. 
This difference in OIT* and hence, anti-oxidant concentration suggests 
that the Arkopal samples should be more susceptible to oxidation than the 
water samples; however, as outlined below, the amount of oxidation was 
in fact much greater in samples aged in water. 
5.3.5 Crystallinity and Melt Temperature 
The crystallinity was found to be significantly higher in the samples aged in 
water than in any of the samples aged in Arkopal (Figure 5–48).  The 
reason for this difference was thought to be due to the fact that oxidation 
of the polyethylene was occurring in the water, but not in the Arkopal.  It 
was thought that the increase observed with the Arkopal samples was due 
to an annealing effect that had previously been seen in other research 
carried out with active surfactants [111].  The crystallinity values for the 
samples aged in water were higher when the samples were exposed to 
larger stresses; this indicated that when degradation occurs it is 
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accelerated by an increase in stress.  The values of crystallinity seen were 
similar to those reported in previous studies which performed hydrostatic 
tests on pipe material [44]. 
 
Figure 5–48 — The percentage crystallinity against applied stress for PE100 specimens aged 
in water for 4230 hours at 80°C.  Samples aged in wa ter (♦) are compared to the highest 
value acquired in the Arkopal solution at 80°C ( ■).  Virgin material was plotted at 0MPa. 
The melt temperature of the samples aged in water (Figure 5–49) again 
showed that applied stress had a distinct effect upon on the rate of 
degradation.  The Arkopal results showed a logarithmic increase with 
respect to the applied stress, there was a rapid initial rise and then the 
results formed a plateau at 129.4°C.  However, this  was not the case for 
samples aged in water; the initial increase exhibited a smaller gradient 
than that seen with the Arkopal aged samples.  These findings were 
assumed to be because of the differing mechanisms of degradation 
induced by the two ageing fluids.  However, there are few published 
results of melt temperature with which to compare the results seen in 
Figure 5–49. 
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Figure 5–49 — The samples melt temperature plotted against applied stress for the PE100 
specimens aged in water for 4230 hours at 80°C.  Sam ples aged in water (♦) are compared to 
the highest value acquired in the Arkopal solution at 80°C ( ■).  Virgin material was plotted at 
0MPa. 
5.3.6 Hydroperoxide concentration 
The sample aged at 4.9MPa was tested in order to establish its 
hydroperoxide concentration.  The sample was the only one of three that 
did not have a large portion of the surface covered by the orange ink used 
to mark the pipe (discussed in section 5.2.5).  As this was then known to 
affect the result, the other two samples were not tested.  There was a 
small amount of ink on the 4.9MPa sample, this was removed and not 
included in the testing.  The absorbance was seen to be 0.4196 at 
420nm-1, compared with the sample aged in Arkopal which had the largest 
hydroperoxide concentration gave an absorbance of 0.2170.  This finding 
concurs with those already described; significantly more oxidation has 
occurred in the samples aged in water as compared to those aged in 
Arkopal.  When this result was compared with those of Hoang and Lowes 
[10] it still appeared very small, but it did correlate well to the values 
reported for around 4230 hours of ageing [10].  The critical level of 
hydroperoxide concentration for brittle failure was seen to be an 
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absorbance at 420nm of 0.5, suggesting that the water aged sample was 
still a significant time from failing after six months. 
5.3.7 Carbonyl Index 
The carbonyl indexes showed the most significant difference between the 
samples aged in Arkopal and water.  There was clear evidence of the 
oxidation processing having occurred, with the presence of esters and 
ketones seen with IR spectroscopic analysis (Figure 5–50). 
 
Figure 5–50 — The ester carbonyl index against applied stress for the PE100 specimens 
aged in water for 4230 hours at 80°C.  Samples aged in water (♦) are compared to the highest 
value acquired in the Arkopal solution at 80°C ( ■).  Virgin material was plotted at 0MPa. 
Although the values seen in Figure 5–50 suggest a variation in 
degradation mechanisms the most obvious differences can be seen when 
the full IR spectra are compared.  Figure 5–51 shows a comparison of a 
sample aged in Arkopal and one aged in water.  The water spectrum is 
much clearer and has fewer peaks.  The additional peaks seen on the 
Arkopal aged samples were believed to be Arkopal being held in the 
polyethylene (Figure 5–21). 
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The results reported here are indicative of varying degradation 
mechanisms, dependent upon which of the two ageing mediums was 
used.  Molecularly, this difference was clearest when IR spectra taken 
from samples aged in water and Arkopal were compared.  If oxidation had 
occurred then the carbonyl products formed would have significantly 
different peaks than those seen in a pure polyethylene spectrum.  As 
oxidation products would also reduce the number of carbon chains due to 
chain scission and degradation of the polymer, it would be expected that 
the proportion of basic carbon-carbon chains would be decreased.  When 
considering each of these factors it can be seen that in the samples aged 
in water, new peaks were observable at 1700–1740cm-1, these correspond 
to the formation of new carbonyl products.  The carbon chain peaks at 
1370, 1465 and 2800–2950cm-1 were also seen to decrease as expected.  
When considering the samples aged in Arkopal these changes were not 
so evident.  In fact it appeared that the Arkopal had become integrated 
into the polyethylene matrix as it was still present in the solid state IR 
spectrum.  Although some oxidation products appeared to have been 
formed, it was more likely that these peaks correlated to Arkopal-based 
products from its carbonyl chain.  The glycol nature of the Arkopal was not 
lost either, and this was seen by the characteristic stretch at 3450cm-1; this 
was too high and not broad enough a stretch to be bound water.  The 
strong peak at around 1000cm-1 was the best indicator of a lack of 
oxidation occurring in the samples aged in Arkopal.  The carbon-oxygen 
bonds present in the Arkopal were responsible for this peak; it had 
however, been shifted from that seen in pure Arkopal.  This also appeared 
to suggest that the Arkopal molecules had become integrated into the 
polymer structure, hence altering the nature of the bond stretch, which in 
turn affected the frequency detected. 
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Figure 5–51 — IR spectra for aged polyethylene: un-aged material (black), 812.5 hours in 
Arkopal at 80°C ( green) and 4230 hours in water at 80°C ( blue). 
5.3.8 Molecular Weight Distribution 
The weight averaged molecular weight (MW) (Figure 5–52) showed very 
little variation with applied stress, especially when compared with the 
amount of uncertainty observed.  This was not unexpected as research 
published by Gedde et al. [7] did not report a rapid decline in the molecular 
weight until the point at which stage III failures occurred.  The results in 
Figure 5–52 suggest that either the samples will not fail in a brittle manner, 
or that the samples have not yet got to the point of ageing when molecular 
weight declines rapidly.  However, the crystallinity carbonyl indexes and IR 
spectra suggested that changes had occurred in the polymer structure, 
probably due to oxidation degradation, but this had yet to be seen in the 
molecular results. 
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Figure 5–52 — Weight averaged molecular weight against applied stress for the PE100 
specimens aged in water for 4230 hours at 80°C. 
5.3.9 Comparison of Ageing Medium Summary 
The results above clearly show that different mechanisms caused failure in 
samples aged in Arkopal as compared to those degraded in water.  These 
exact differences need to be studied further, but they suggest that the use 
of surfactants give misleading results when examining the degradation of 
polyethylene leading to slow crack growth and stage III failure. 
The results do clearly show that increased stress accelerates the 
degradation mechanisms; the sample aged at 4.9MPa consistently 
showed the most significant signs of degradation.  The large range seen in 
the results meant that the experimental uncertainties recorded and 
deemed to be unusable with the ranges seen in the Arkopal aged 
samples, were significantly small that more accurate predictions could be 
made using these markers. 
5.4 Summary 
The results laid out in this chapter have shown the advantages and 
disadvantages of using certain chemical markers to determine the age and 
remaining in-service life of polyethylene pipes.  However, the major finding 
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of this chapter has been the differences between the samples aged in 
water and those in Arkopal. 
The results above have illustrated the trends seen in failed and non-failed 
samples of polyethylene aged in Arkopal and water.  Although some of the 
results were unexpected and differed from previous research, they still 
highlight the worth of these methods. 
Visual and SEMi inspection allowed an insight into the way that the 
samples had failed, and how the residual stresses of specimens affected 
where the ultimate failure occurred.  SEMi images were also compared 
with images taken by other researchers and showed that the areas of 
brittle failure seen on the Arkopal aged samples exhibited higher levels of 
micro-ductility, which was believed to be due to the Arkopal. 
The density, crystallinity, MW and carbonyl index, were seen to have 
experimental uncertainties that were too large, when compared to the 
values obtained for the Arkopal samples, to allow the markers to be used 
to determine the remaining in-service life of pipes accurately.  However 
when these markers were compared to the results obtained for samples 
aged in water, the uncertainty became less significant and allowed for the 
possibility that the markers could be used as part of the method. 
There was particularly promising results for determination of anti-oxidant 
and hydroperoxide concentration, both of which showed potential in 
fulfilling the aims of this research.  The OIT* showed repeatable results, 
that had little experimental uncertainty, when compared to the range of 
results that were recorded.  Although only a limited number of tests were 
performed to determine the hydroperoxide concentration, these were all 
promising.  It was noted that special care had to be taken when obtaining 
the specimen to test so that it did not contain any die used to stamp the 
Standards on the pipe as this produced erroneous results. 
Ageing samples in water gave results which were similar to previous work 
with pipe material.  The results showed the differences between the 
mechanisms that cause failure in polyethylene in different environments.  
Chapter 5 
207 
 
The increase in the carbonyl index, hydroperoxide concentration and 
crystallinity showed that significant oxidation had occurred in sample, 
though it was though that auto-oxidation had not started to occur as the 
MW had not begun to decrease.  This oxidation lead to embrittlement of the 
polymer chains which then lead to crack growth.  However in Arkopal a lot 
less oxidation had occurred and it was seen that any oxidation 
embrittlement of the polymer chains would not have caused crack growth.  
It was thought that instead a mechanism of disentanglement had occurred 
and allowed crack growth; without the oxidation seen in the water aged 
samples. 
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Chapter 6 METHOD TO DETERMINE REMAINING LIFE TIME 
In the previous chapters methods of analysing the age and remaining in-
service life of polyethylene pipes have been investigated and tested.  This 
chapter will now comprehensively evaluate these methods and 
appropriate chemical markers will be selected to fulfil the brief of this 
project. 
 Firstly, the utilisation of the Arkopal as an ageing environment will be 
further analysed and compared to ageing carried out in water.  The results 
shown in Chapter 5 described a significant difference between samples 
aged in water as compared to those aged in Arkopal.  This variation 
suggested that differing mechanisms which caused crack growth and 
ultimate failure were occurring. 
6.1 The Test Environment 
It has been well documented that the failure of polyethylene water pipes 
under small amounts of applied stress is due to oxidation causing 
embrittlement in the polymer chains [7,17].  As discussed in section 2.2.4, 
this oxidation can be seen by increases in crystallinity and carbonyl index, 
as well as an increase in the concentration of the hydroperoxide by-
product.  A decrease in average molecular weight due to the occurrence of 
chain scission would be another clear indicator of polymer oxidation. 
When samples aged in water are compared with the results obtained for 
samples aged in Arkopal, they are significantly different.  The carbonyl 
index showed a minimal increase, there was no change in the average 
molecular weight and the crystallinity only increased by a small amount.  
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These results suggested that Arkopal caused sample failure by different 
mechanisms than by the oxidation of the polymer chain. 
The process by which Arkopal and other non-ionic surfactants accelerate 
the degradation of polymers has been extensively studied [82,84,112].  
The exact method of acceleration is not fully understood; although Pinter 
et al. [84] and Ayyer et al. [112] have laid out a possible mechanism.  The 
molecules of Arkopal are thought to migrate into the craze zone of the 
crack and then diffuse into the amorphous region of the polyethylene in 
the fibril region.  This can be seen in the IR spectra (Figure 5–21) where it 
was obvious that Arkopal had become incorporated into the polyethylene 
matrix.  The Arkopal molecules have caused disentanglement of the 
polymer chains and allowed chain slipping to occur more easily.  This in 
turn reduced the ability of the fibrils to bear load and hence, increased the 
rate of crack growth. 
There have also been studies which suggest that acidic solutions inhibit 
oxidation [113] and, significantly, Arkopal solution has been shown to be 
pH3 [84].  Because of this low pH it can be assumed that Arkopal has 
partially inhibited the occurrence of polymer oxidation and that, compared 
to samples aged in water, the rate of oxidation has been reduced 
significantly. 
The effect of the Arkopal on the dissolved oxygen concentration was not 
known; if the Arkopal in solution prevents oxygen from dissolving into the 
liquid it would also explain the lack of oxidation that had occurred.  This is 
a hypothesis that requires further study to determine if this was a factor in 
the results seen. 
Examination of the results in Chapter 4 and Chapter 5 suggest that limited, 
if any oxidation has occurred in the time to failure for the samples aged in 
Arkopal.  Limited oxidation showed that although the Arkopal had 
increased the amount of crack growth, it had not accelerated the oxidation 
process.  It was unclear from the results whether the Arkopal had inhibited 
the oxidation of the polyethylene or that it had caused a different type of 
failure to occur before oxidation could take place.  Energetically it was not 
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known which option was more favourable, but it could be concluded that 
the expected oxidation mechanism was not favourable whilst polyethylene 
was in the presence of Arkopal.  Either way, the use of Arkopal or other 
non-ionic surfactant environments to accelerate failures in polyethylene 
pipes must be questioned.  It has been shown that the FNCT gives a good 
ranking for the resistance to slow crack growth [81,82].  However, if the 
expected values for the chemical markers are to be determined at true 
chemically induced brittle failures, then another environment needs to be 
used.  This environment must accelerate the oxidation process, but not 
cause failure by different methods than those seen in pipes carrying water. 
A possible environment could be chlorine related as similar results have 
been seen between samples aged in water and chlorine [35,74].  
However, it appeared that environmental stress cracking was actually the 
dominate mechanism leading to embrittlement; subsequently causing slow 
crack growth [63]. 
Henry and Garton [113] suggest that the use of sodium salts in aqueous 
solutions has an accelerating effect on the oxidation of polyethylene.  They 
also showed in a further study, that the use of basic buffer solutions 
caused a significant increase in the rate of oxidation and the formation of 
carbonyl products and hence the carbonyl index [114].  They suggest that 
a 50–90% reduction in oxidation lifetime could be obtained for un-
stabilised polymers when a sodium chlorine solution was used as the 
ageing environment [115]. 
There have also been studies which showed that transition metal salts can 
be used to catalyse hydroperoxide decomposition and hence, increase the 
rate of oxidation in polymers.  Alter [116] showed how different salts 
accelerated and some inhibited the oxidation of polyethylene in air.  Maji et 
al. also showed promising results when using manganese, which saw a 
significant amount of carbonyl product being formed [117].  It could be 
possible that these salts in an aqueous solution could also produce 
catalytic effects on the oxidation of polyethylene. 
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6.2 The Chemical Markers 
In section 1.2.1 a number of characterises required by the ideal marker 
were set out.  These characteristics were: 
• Show a consistent relationship between the degradation of the 
chemical marker and deterioration of the material. 
• Have a method that shows good repeatability and robust so that a 
non-skilled operator can obtain and analyse the results properly. 
• Preferably the chemical marker should follow an exponential model 
so that as the material gets closer to failure the variation in values 
are greater. 
• The values shown by the virgin material must be as constant as 
possible, as should be the samples at failure. 
• Have a small experimental uncertainty so that an accurate 
determination of age can be made. 
As mentioned in the project aims, the best chemical marker would show all 
of these characteristics, however, in reality, the ideal marker would exhibit 
the largest number of these characteristics, however it is expected that a 
combination of several markers would have to be used. 
6.2.1 The Suitability of Chemical Markers 
In the research presented here several chemical markers were recorded 
and analysed, the choice of which were based upon previously reported 
work.  Each of these chosen chemical markers will now be examined and 
their suitability will be judged on the results obtained here and on previous 
work which used several experimental procedures to age the 
polyethylene. 
6.2.1.1 Visual and SEMi Inspection 
The visual and SEMi inspection of the samples could be used only as a 
qualitative approach to determine the remaining life.  A visual inspection 
for obvious damage would identify that there was limited life left in the 
pipe, but otherwise this approach cannot predict remaining life time.  SEMi 
could be used to help to investigate the cause of failure, but not in 
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determining the remaining in-service life.  Both methods of inspection have 
little use in predicting the remaining life of the pipe, but can be used to 
help determine the type of failures that have occurred.  The methods also 
require a large amount of human input; this would increase the human 
error and variations between different people’s inspections.  This could be 
improved with the use of a visual scale which would reduce the variation 
between observations.  Information collected could be used to improve the 
end points of any chemical method, thus making it more accurate.   
6.2.1.2 Density 
The density of the samples showed too large an amount of scatter in the 
results to be successfully used to determine the remaining in-service of 
the materials.  This scatter was not only seen between the aged samples, 
but also in the virgin material.  This inconsistency in results, combined with 
the large experimental uncertainty meant that no accurate prediction could 
be made. 
The large variation that was seen in the virgin material density also 
brought significant doubt into the prediction of pipe age.  A range of 
0.7kg/m3 was recorded in the virgin material, this compared to a range of 
4kg/m3 in the results from aged material gives a significant uncertainty; as 
much as 100 hours at 80°C and 600 hours at 65°C in Arkopal.  This was 
almost 1/8th of the total time needed for brittle failures to appear.  This 
would be approximately 6 years if the time to brittle failures was 50 years 
as suggested [6].  With this amount of error pipes which are not near 
chemical breakdown might be exhumed and replaced, while others may 
not be replaced before failure occurred. 
Although the increase in the density was expected to be due to the 
degradation of the polyethylene, it is possible that other reasons could 
cause the increase in the density.  As has been seen there was an amount 
of Arkopal and water held in the polyethylene after ageing; both of these 
are denser than polyethylene, hence, they would increase the density of 
the sample without any degradation occurring. 
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The method was very robust with a calibrated machine doing all the 
calculations and hence, no human input was required during the 
procedure.  The method was also seen to be highly repeatable, with the 
same result obtained for samples tested multiple times.  The repeatability 
was also increased by the gas pycnometer itself, as it performed ten 
volume measurements on each run, before calculating an average.  This 
robustness, however, does not make up for the uncertainties seen, such 
as the variation in virgin material values. 
The amount of variation in virgin material, along with the significant overall 
experimental uncertainty means that several of the desired characteristics 
are not present when using sample density as a chemical marker. 
6.2.1.3 Oxidation Induction Time 
The use of OIT to predict the life expectancy of pipes has been well 
documented [32,36,41].  However initial tests produced results that were 
inconclusive and hard to analyse and so no further tests were performed.  
It was decided that the OIT* would be used instead discussed further 
below.  A secondary reason for using the OIT* instead of the OIT, was that 
OIT has been found to be more accurate at high levels of anti-oxidant 
concentration, but OIT* was better at lower levels [43].  As the marker 
would needed to be most accurate when the anti-oxidant concentration 
was low, the OIT* was the better choice. 
6.2.1.4 Oxidation Induction Temperature 
The use of OIT* to determine the anti-oxidant concentrations has not been 
as popular in research as the use of OIT, however there have been 
studies which suggest that the OIT* was easier to analyse [97,98].  The 
results in Chapter 4 and Chapter 5 support the previous work that showed 
OIT* as a useful tool in life time related predictions. 
The rate of consumption and migration of anti-oxidants were seen to be 
consistent, with only the samples that failed in a ductile manner showing a 
wide scatter.  The OIT* also showed a consistent level of decay for the 
non-failed samples. 
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The OIT* was calculated by finding the onset of oxidation; this was 
measured using TA Analytical Software, which performed the operation 
automatically and hence, reduced the error associated with the 
calculation.  Three repeats were performed on each specimen in order to 
increase the robustness and the accuracy of the test methodology.  These 
results showed a small spread, less than ±0.5°C.  T his amount of 
uncertainty was small compared to the range of the results; this being less 
than 2% of the total range for PE100.  The methodology for OIT* was 
simple to execute, even by an unskilled user of a DSC, and was seen to 
be easier to perform than the OIT methodology which had been more 
commonly used. 
The virgin material was tested widely and samples from three separate 
pipes of PE100 were all examined in order to obtain the value for the initial 
value for OIT*; these all gave results within a range 1°C.  This small range 
gave a very good initial value which could be used for all calculations, as 
well as improving the reliability of the predictions made with this method. 
The OIT* followed an exponential decay curve, and as described 
previously, this trend allows sample age to be easily distinguished.  The 
tail seen in Figure 5–15 does reduce the change in OIT* as time 
increases, however, this tail appears to occur beyond the point where anti-
oxidant concentration was a factor (section 6.3).  Anti-oxidants prevent 
auto-oxidation from occurring, hence, when the OIT* reaches lower 
values, widespread oxidation will begin to occur.  As oxidation was seen to 
be the major factor in the failure of pipes in water, low levels of anti-
oxidants could be used as a forewarning that oxidation and failure are 
imminent.  This would also give time for replacement plans to be made 
and implemented before the pipes become critical. 
The level of anti-oxidants have also been extrapolated to lower 
temperatures from high temperature tests [10], therefore the results 
obtained for PE100 could be used to determine the rate of depletion in 
Arkopal at 20°C.  Figure 6–1 shows the logarithmic plots of the results for 
OIT* at 65°C and 80°C.  These were then used to obt ain the regression 
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equations of the form seen in equation 6.1.  In equation 6.1 OIT*asy is the 
expected OIT* at the asymptote (this was determined in section 5.1.2.4 to 
be 223.5°C), ST is the rate of depletion of the anti-oxidants at the specified 
temperature (this is the gradient of the line in Figure 6–1), t is the time to 
failure and OIT*0 is the initial value of the virgin material; these coefficients 
were calculated and are displayed in Table 6-1. 
 
Figure 6–1 — The adjusted ln(OIT*) against time to failure used to determine the Arrhenius 
predictions.  PE100 samples aged at 80°C ( ♦) and 65°C ( ■) in an Arkopal solution. 
ln∗ − ∗ =   + ln(∗ − ∗) 6.1 
Table 6-1 — The coefficients determined from the log plot seen in Figure 6–1. 
Test Temperature 
(°C)  
Gradient 
(ST) 
Y-Intercept 
(ln(OIT*0- OIT*asy)) R
2
 
65 -3.875x10-4 3.431 0.9703 
80 -3.223x10-4 3.410 0.9893 
It was then possible to take the coefficients and use them to determine an 
Arrhenius model of the form seen in equation 6.2, where ST is the rate of 
depletion of the anti-oxidants at the specified temperature, Ea is the 
activation energy of the reaction (the depletion of the anti-oxidants in 
Arkopal) (kJ/mol), R is the universal gas constant (8.31J K-1mol-1), T is the 
test temperature (K) and C is a constant. 
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The gradient of Figure 6–2 could then be used to determine the activation 
energy (Ea) of the reaction, which in turn can be used to determine the rate 
of reaction for the depletion of anti-oxidants in Arkopal at 20°C.  
 
Figure 6–2 — An Arrhenius plot to determine the activation energy Ea of the loss of anti-
oxidants. 
From the gradient of Figure 6–2 the activation energy was determined to 
be 140kJ mol-1, this was much greater than the 68kJ mol-1 calculated by 
Hoang and Lowe [10].  The Ea calculated above was only calculated using 
two points and so was expected to be imprecise.  It has already been 
demonstrated that at higher temperatures Arkopal increases the rate of 
anti-oxidant consumption or migration [84].  However, from the results 
above it appears that this increase was only seen above approximately 
50°C.  This was very similar to the cloud point of Arkopal suggesting the 
two may be related.  This would require further study to confirm, but this 
would explain the higher activation energy observed. 
Using the calculated activation energy it was possible to calculate the 
decay expected at 20°C (Figure 6–3) and this was co mpared with Hoang 
and Lowe’s results for OIT, which had been converted to an OIT* form in 
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section 4.2.3.  These results agreed with Hoang and Lowe; the anti-
oxidants appear to reduce to a negligible level at around 70 years (the 
value of 69 years was stated [10]).  The prediction for samples in Arkopal 
suggested that samples aged in Arkopal would not reach this level of 
negligible anti-oxidant concentration for approximately 400 years.  This 
was extremely high and would suggest that a two mode Arrhenius model 
must occur similarly to those models explored by Celina et al. [55]. 
 
Figure 6–3— The predicted decay of the OIT* at 20°C .  PE100 samples aged in Arkopal 
(black) and water (grey).  Vertical line indicates 70 years; horizontal line indicates asymptote 
location (223.5°C).  The data for the water samples  was modified from data obtained by 
Hoang and Lowe [10]. 
The use of OIT* to predict the remaining life of a pipe appears to be 
feasible.  It has shown a number of the desired characteristics and 
successfully been used in a number of different studies.  However, it has 
been shown that there was a significant lag time between the reduction of 
the anti-oxidant concentration to a minimal level and the failure of the pipe 
[10,118].  This would mean that the OIT* would have to be used in 
conjunction with a secondary method.  From this research it can be 
concluded that OIT* could be used as a quick, cheap test to identify 
sections of pipe that needed to be tested further. 
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6.2.1.5 Crystallinity 
The link between crystallinity and the degradation of the amorphous 
regions of polymers has been well documented [44,94].  A review of 
previous literature showed promising results, however, they do not give a 
definitive answer as to whether crystallinity can be used to determine the 
remaining life of polyethylene pipes. 
The measurements of crystallinity for the samples aged in Arkopal suggest 
that the change in crystallinity was due to an annealing effect, not because 
degradation had occurred [111]. 
Several of the desired chemical marker characteristics were seen to be 
fulfilled; the virgin material showed similar crystallinity in several tests on 
different pipes of the same blend.  The increase with time also showed 
exponential growth, not only in the results above, but also in previously 
reported results for pipes aged in water [44].  However, the study by 
Barker et al. [49] showed only a linear increase in crystallinity over time. 
Analysis of the experimental procedure explained in section 4.2.4 
suggested that, even when compared to the larger ranges seen in studies 
performed in water, the observed uncertainty was too large.  This was 
confirmed by other studies, which showed large standard deviations when 
comparing crystallinity of samples aged in water and a water-chlorine 
solution [35,49].  This evidence clearly shows that it would be unsuitable to 
use crystallinity in order to determine the remaining life of pipe material. 
6.2.1.6 Melt Temperature 
Melt temperature was seen to be the easiest and quickest of all the 
chemical markers to determine.  The values were calculated by DSC and 
TA Analysis computer software, hence, no human input was required to 
obtain the result.  This helped to satisfy several of the chemical marker 
characteristics required; the repeatability was good and the method very 
robust. 
The method also produced very small uncertainty values, however, as the 
range of the results was so small this uncertainty was, in fact, significant.  
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This large uncertainty as compared to the results range was also observed 
by Barker et al. [49]. 
The virgin and aged material showed very good consistency, and the 
relationship between the melt temperature and ageing time was strong.  
However, this was an exponentially decaying trend and a plateau was 
observed after 100 hours of ageing (again similar to that seen by Barker et 
al. [49]).  This plateau meant an increase of only 0.2°C occurred for the 
remaining ageing time.  Consequently, it would be impossible to use melt 
temperature to accurately age a pipe or comment on its possible 
remaining in-service life. 
6.2.1.7 Molecular Weight Averages  
The molecular weight averages obtained from RAPRA for this study 
showed little sign of decrease over the period for which the samples were 
aged.  This was in stark contrast to the significant reduction in molecular 
mass reported from studies carried out in water [44] and chlorine 
[63,110,119].In these previous studies it was clear that the polymer had 
been degraded due to oxidation, which caused chain scission and the 
breaking up of the polymer complex.  However, from the findings 
presented here, it can be concluded that the use of Arkopal as an ageing 
medium does not cause the breakdown of the polymer in the same way. 
The main disadvantage of using molecular weight as a chemical marker is 
that the method used to determine it, GPC, yields results which have a 
large amount of error associated with them.  This was highlighted, when a 
significant error was observed when comparing results measured at 
different times.  A specific example of this was seen when two samples of 
the same PE100 pipe, taken from a bulk specimen, showed a difference of 
60kg/mol when tested 18 months apart.  This was a significant difference 
being 40% of the original MW.  This sort of uncertainty would be 
unacceptable when predicting the remaining in-service life of a pipe.  This 
could be covered by testing a virgin sample with each group of aged 
pipes, but with the number of pipes that are currently in service this would 
be highly time consuming.  It was also suggested that an experimental 
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uncertainty of 5-10% for MW and 10-20% for MN could be seen [120].  This 
was due to the operator being required to input baselines and integration 
limits which can significantly affect the computed values.  
The molecular weight has been shown to decrease suddenly, just prior to 
the occurrence of a brittle failure [44].  It has also been reported that there 
was a significant difference in results between failed and non failed pipes 
[63].  The non-uniform sudden decrease could be used in conjunction with 
other markers and act as a qualitative marker.  Fayolle et al. [50] 
suggested that embrittlement occurs at a MW of approximately 90kg/mol 
and reaches a critical level at approximately 40kg/mol.  The molecular 
mass could also be used to determine how severe the degradation has 
become, and possible ranking of pipes that have shown other signs of 
deterioration in other markers; the most critical pipes could then be dealt 
with first.  Molecular weight has been shown to have a close relationship 
with the strength of the polyethylene and the type of failure which had 
occurred; low molecular weight leads to brittle failures before yielding [49].  
This would then mean that the final ranking of critical pipes could be 
performed using a physical property, rather than a chemical marker 
related to the amount of degradation. 
6.2.1.8 Hydroperoxide Concentration 
The hydroperoxide ion has been shown to be a product of the rate 
determining step in polyethylene oxidation (Chapter 2).  This was also the 
reaction which was inhibited by anti-oxidants as seen in Figure 2–5.  The 
findings of Hoang and Lowe have shown that hydroperoxide formation can 
be used to determine the service life of a polyethylene pipe [10]. 
Figure 6–4 shows the correlation between OIT* and the hydroperoxide 
concentration; higher OIT* values lead to the lower absorbance at 420nm.  
This indicated that when anti-oxidant concentration was higher, oxidation 
was more hindered and fewer hydroperoxide ions than expected were 
formed.  From the results of samples aged in Arkopal it appeared that 
oxidation began to occur when the OIT* was approximately 231°C and not 
once all the anti-oxidants had been consumed. 
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Figure 6–4 — A comparison of the relationship between the anti-oxidant concentration (OIT*) 
and the hydroperoxide concentration (UV absorbance) for PE100 samples aged at 80°C in 
Arkopal.  A line at 0.08 represents hydroperoxide levels which are negligible. 
From their studies, Hoang and Lowe presented equation 6.3 as the 
Arrhenius equation for the formation of hydroperoxide ions [10]. 
ln	 =  −5735.2  
1

+ 6.2622 6.3 
Where ST is the rate of formation of hydroperoxide ions, 5735.2 is the 
activation energy, Ea, divided by the universal gas constant, R 
(8.31J yK-1mol-1), which produced an activation energy of 48kJ mol-1, T is 
the test temperature (K) and 6.2622 is the dimensionless non temperature 
dependent constant.  This can then be extrapolated to 20°C, and Figure 
6–5 was produced from this.  Relating Figure 6–5 with Figure 6–3 and 
Figure 6–4, it can be seen that the OIT* drops below 231°C (Figure 6–4) 
at approximately the same time as when the absorbance at 420nm goes 
above 0.08 (Figure 6–5).  This can also be seen in Figure 6–4 with 
samples in Arkopal at 80°C, suggesting that this wa s indeed the point at 
which the anti-oxidant concentration was not sufficient to prevent oxidation 
from occurring.  Figure 6–5 clearly shows that at approximately 70 years 
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the build up of hydroperoxide ions begins to increase rapidly.  When 
related to Figure 6–3, this point can be seen where the anti-oxidant levels 
are negligible, hence, it was expected that the rate of oxidation would 
increase rapidly at this point.  The time taken to reach the critical 
absorbance at 420nm of 0.5 was approximately 150 years, suggesting that 
auto-oxidation would take 80 years to create a brittle failure.  This also 
included the stabilising factors that HALS stabilisers would have on the 
oxidation rate; the effects of which are not seen in the OIT* values.  This 
does, however, confirm that at 20°C auto-oxidation of polyethylene occurs 
very slowly. 
 
Figure 6–5 — The exponential growth of the hydroperoxide ion concentration in PE100 
samples aged at 20°C seen by Hoang and Lowe [10].  Vertical line shows 70 years and 
horizontal line shows 0.08 below which it is deemed the level of hydroperoxide ions are 
negligible. 
As the absorbencies under 0.08 are seen to be negligible, there was less 
need for a constant value for the virgin material.  As long as the virgin 
sample had an absorbance below this value it would be sufficient.  The 
experimental uncertainty measured was that of the apparatus used to 
measure the UV absorbance.  There was only adequate material enough 
to perform one test per sample and hence, the consistency of the results 
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could not be investigated.  Dr Hoang [103] did suggest that the 
reproducibility was poor and that at least 3-5 samples would be preferable 
for each pipe tested and any outliers discarded.  This amount of material 
could be collected from pipes more easily than was possible from the 
small FNCT samples used here.  The process required to test multiple 
samples was seen to be a very time consuming, batch process.  Several 
repeats per specimen would have to be performed and therefore it would 
require a large amount of time to test several pipes, even with multiple 
sets of refluxes occurring simultaneously. 
The use of hydroperoxide to determine the remaining life of the samples 
seems promising, but requires more work to confirm the results initially 
reported here.  The relationship seen between the OIT* and hydroperoxide 
concentration show promise and suggest that they could be used together, 
as chemical markers, to determine the remaining in-service life of an 
arbitrary pipe. 
6.2.1.9 Carbonyl Index 
As with anti-oxidant concentration, the carbonyl index in several forms has 
been used in polyethylene life time prediction [10,43,44,54].  The oxidation 
of polyethylene (section 2.2.1.2) has been shown to produce carbonyl 
products; this would suggest that these could be used to determine the 
remaining in-service life of a pipe.  The difficulty with examining the 
carbonyl index from the available literature was that several different forms 
of carbonyl index have been used and these are hard to compare. 
The results presented for the carbonyl index showed a wide variation and 
no definitive correlation was seen for samples aged in Arkopal.  However, 
previous studies do suggest that when polyethylene is aged in water the 
carbonyl index increases in an exponential manner; this is similar to the 
trend seen with the hydroperoxide concentration.  Figure 6–6 shows 
steady increase of both UV absorbance and carbonyl index when the 
absorbance was below 0.08; however, when the absorbance increases 
above 0.08 this trend stops.  It was thought that this was due to a 
formation of hydroperoxide ions, but this did not then lead to the formation 
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of carbonyl products.  This could be for several reasons; either there was 
a lag between the formation of hydroperoxide ions and carbonyl products, 
or the Arkopal causes different products to be formed.  There was not 
enough evidence in the results obtained to confirm which of these actually 
occurred; therefore further study would be required to confirm this. 
 
Figure 6–6 — The relationship between the hydroperoxide ions concentration and the 
carbonyl index for PE100 samples aged in Arkopal at 80°C. 
The carbonyl index displayed a significant experimental uncertainty when 
compared to the range of the Arkopal results.  However, this would be 
expected to improve when the larger values from water hydrostatic tests 
were taken into consideration.  This would mean the experimental 
uncertainty seen would be a smaller proportion of the range of the results.  
This method was easy and quick to perform; the analysis was not 
complicated to carry out and could be easily automated.  The uncertainty 
could be reduced by fine-tuning the methodology further.  This could be 
done by increasing the number of IR scans per sample, the resolution of 
the individual scans and the number of samples per pipe.  Although all this 
extra analysis would take more time, a more reliable result would be 
obtained. 
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As with the molecular weight, it was thought that the carbonyl index could 
be used to determine a ranking of critical pipes.  Greater amounts of 
carbonyl product would relate to a large amount of oxidation occurring, this 
then causes embrittlement, which would lead to failure.  Further work may 
reveal that this method could be used to determine the remaining in-
service life. 
6.3 Suggested Method 
From the findings and subsequent conclusions presented here, a 
methodology for the determination of the age and remaining in service life 
of an arbitrary polymer pipe can now be outlined.  By using the knowledge 
gathered from this research, set rules can be generated and real figures 
applied to test situations in order to allow confident establishment of life 
time predictions. 
This methodology is comprised of several sections, as no single marker 
possesses all the characteristics required to fulfil the requirements outlined 
above.  Therefore, several markers will be used in a step-wise process in 
order to gather the required information.  The method requires an amount 
of material to be obtained from pipes in-service; a section of the wall 
approximately 12x12cm should be sufficient to perform all the tests 
needed.  In order to cause minimal traffic disruption these could be 
collected using small trenches.  The spatial frequency of these samples 
would have to be derived in a future study, but selecting areas at high risk 
of failure and where failure would have serious consequences would seem 
to be the most sensible initial approach. 
This method will have three phases, again orchestrated in a step-wise 
manner and labelled here as Phase One, Phase Two and Phase Three; 
only after failing the first phase would the second phase be implemented 
and so on.  It will use a table system to determine the length of time before 
a retest should be required.  This approach will also help to rank critical 
pipes so that they can be removed and replaced in the correct order.  
Displayed below are possible tables which use data obtained from the 
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available literature and the results in Chapter 4 and Chapter 5 for PE100.  
These are only suggested values and should not be used to base lifetime 
predictions without further study.  A similar system would be able to be 
derived for all blends of polyethylene used in water distribution pipes with 
further study. 
6.3.1 Phase One 
The first phase of the suggested method would be the use of OIT* tests to 
determine the anti—oxidant concentration remaining in the polymer resin.  
The OIT* would be obtained from a small films taken from the inner 
surface of the pipe using the methodology shown in section 3.3.3.2.  Table 
6-2 (carry out Phase One Part B (*)).can then be used to determine the 
next course of action. 
Table 6-2 — The criteria of Phase One.   
OIT* (°C) Pass/Fail  Retest (Years) 
>228.50 Pass 30* 
225.00-228.50 Pass 15* 
223.75-225.00 Pass 5* 
<223.75 Fail Go to Phase Two 
In Figure 6–7 this can also be seen in a graphical form.  If the OIT* is in 
the “red” area then it would have been deemed to have failed and Phase 
Two should then be performed. 
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Figure 6–7 — The Phase One criteria in graphical form for PE100.  Pass retest in 30 years 
(■); Pass retest in 15 years (■); Pass retest in 5 years (■);Fail go to Phase Two (■).  Predicted 
values (black), upper and lower bounds (grey). 
6.3.1.1 Phase One Part B 
If the sample passes the OIT* test then three FNCT bar style samples 
would be produced and ageing tests performed in a basic buffer solution 
at 80°C at 4MPa.  This would give a failure time, a nd suggest the 
remaining in-service time which could be expected.  A correlation between 
the ageing rate in the buffer solution at 80°C and water at 20°C would 
have to be obtained, to make this prediction more accurate.  However, if 
failure does not occur within 650 hours (four weeks) then it could be 
assumed that failure is a significant amount of time away from occurring 
and the test can be stopped.  Samples that do not fail after 650 hours 
would appear to have sufficient chemical and physical properties, showing 
that limited deterioration would have occurred. 
6.3.2 Phase Two 
After a pipe has failed Phase One, a Phase Two test should be performed.  
This consists of determining the hydroperoxide ion concentration, which 
will indicate whether polyethylene oxidation has occurred and thus a 
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weakness may be forming.  The hydroperoxide ion concentration would be 
obtained from 4 samples of 0.5g taken from thin films of the inner surface 
of the pipe and tested in the method laid out in section 3.3.6.1.  Table 6-3 
shows the suggested actions for Phase Two.  As with Phase One this can 
also be seen in graphical form in Figure 6–8. 
Table 6-3 — The Phase Two criteria 
Absorbance at 
420nm 
Pass/Fail Retest (Years) 
<0.125 Pass 60 
0.125-0.300 Pass 30 
0.300-0.475 Pass 10 
>0.475 Fail  Go to Phase Three 
 
Figure 6–8 — The Phase Two criteria in graphical form.  Pass retest in 60 years (■); Pass 
retest in 30 years (■); Pass retest in 10 years (■);Fail go to Phase Three (■).  Predicted values 
(black), upper and lower bounds (grey). 
6.3.3 Phase Three 
Once a pipe has failed Phase Two, chemically induced brittle facture 
would be imminent and hence, the pipe should be replaced as soon as 
possible or measures taken to reduce the chance of failure such as 
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pressure reduction.  Phase Three testing was comprised of a set of criteria 
which are designed to help determine the order in which the pipes that 
have shown significant amounts of oxidation should be replaced.  This can 
be established by using the MW, carbonyl index and hydroperoxide 
concentration.  A low MW indicates that the polymer itself is weak, a value 
below 40 would be the critical value of this and any sample near this figure 
should be given replacement priority.  The presence of a high carbonyl 
index would indicate that embrittlement was occurring and the pipe had 
become weakened and susceptible to failing.  The higher the carbonyl 
index the greater the priority for replacing the pipe.  This would also be 
confirmed by a high hydroperoxide ion concentration.  The high 
concentration of hydroperoxide would indicate the amount of oxidation that 
had occurred and would give an insight into the deterioration that had 
taken place.  A possible priority criterion can be seen in Table 6-4. 
Table 6-4 — The priority criterion for Phase Three 
Marker High Priority 
Medium 
Priority 
Low Priority 
MW <40 40–90 >90 
Carbonyl Index >0.4 0.2–0.4 <0.4 
Hydroperoxide 
Concentration 
>0.8 0.6–0.8 0.5–0.6 
From the findings here, the three markers in Phase Three cannot be used 
to determine the time to failure (except for obviously the hydroperoxide ion 
concentration), but can be used to prioritise pipes that are near to failure.  
This prioritisation would help planners to replace pipes in the correct order, 
to limit the risk of leakage or failure occurring. 
6.4 Summary 
The Arkopal environment used to test the polyethylene samples gave 
results which were unexpected and inconsistent with previous studies, 
which used a water environment.  Instead of the use of Arkopal as an 
ageing medium, a basic buffer solution would appear to be more suitable, 
as it has been shown to accelerate the rate of oxidation; though this would 
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have to be tested further to confirm that the failure mechanisms are 
exactly the same as seen in water. 
Each of the chemical markers evaluated yielded the corresponding 
Arrhenius predictions, which in turn allowed for the calculation of the OIT* 
test and hydroperoxide ion values at lower temperatures.  From these, it 
was established that some of the markers exhibited experimental 
uncertainties which were too large for confident further use for the 
prediction of remaining in-service life of the pipes. 
Those which were deemed suitable were then placed into a proposed 
three phase method in order for the remaining time to failure to be 
determined.  Consequently, a pipe could be confidently deemed to be at 
risk of failure and could therefore be replaced before failure occurred.
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Chapter 7 CONCLUSIONS AND RECOMMENDATIONS 
The main aim of this study was to research into a method which could be 
used to determine the life time of an arbitrary polyethylene pipe taken from 
service.  The proposed method described in Chapter 6 has achieved this, 
though the differences seen between the ageing mechanisms of Arkopal 
and water with polyethylene mean that this recommended method has 
been tested less than was initially hoped.  The method was based on 
evidence obtained by other investigators and the research carried out 
here.  It is thought to be a practical method, but does require further 
testing and may possibly need fine-tuning in the future. 
7.1 Unstressed Samples 
The results obtained on the unstressed samples of PE80–A and PE100 
aged in Arkopal at 80°C in Chapter 4 showed that de gradation of the 
chemical markers had occurred.  However, this was by lesser amounts 
than expected and did not follow the trends reported in previous work.  
The results suggested that the Arkopal was not ageing the polyethylene in 
the same way as water. 
The amount of experimental uncertainty, compared with the range of 
results, was large and this suggested that any life time prediction made 
using the chemical markers would be unreliable. 
The procedures used to obtain all the markers were tested and 
modifications made to improve the repeatability and robustness of the 
method.  This was particularly noticeable in the OIT* (section 4.1.2) and 
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crystallinity (section 4.2.4) measurements; significant modifications greatly 
improved the usability of these approaches. 
Results for OIT* showed the most consistent trends for both types of pipes 
tested.  The carbonyl index and crystallinity both showed promising results 
for PE100, although the results obtained for PE80–A were less conclusive.  
However, due to the high levels of noise seen on the FTIR scans, which 
were used to obtain the carbonyl index, the uncertainty and variation in the 
results was large.  The amount of operator input needed to obtain the 
crystallinity also reduced the reliability of the approach.  The melt 
temperature, although very easy to obtain, had a very large uncertainty 
compared to the very small range of results seen.  The molecular weight 
of the PE80–A samples showed little correlation and were not consistent 
with previously reported values for similar materials. 
7.2 Stressed Samples 
The stressing of samples in an Arkopal solution at 80°C, using the FNCT, 
showed that brittle type failures could be obtained in approximately 750 
hours for PE100 and 400 hours for PE80–B.  This short time to failure was 
encouraging as it would allow water utilities to obtain aged material quickly 
and therefore, to carry out experiments to obtain the chemical markers.  
The extrapolated results suggested that a sample aged at 4MPa at 20°C 
in an Arkopal solution would fail after 70 years. 
The more detailed examination of the chemical markers allowed further 
analysis to be made, thus identifying individual suitability.  As with the 
unstressed samples, the OIT* showed promising results, which most 
closely agreed with work previously carried out using water as the ageing 
medium.  It has been shown that anti-oxidants are mainly lost from the 
polymer matrix through migration and not by consumption due to the 
occurrence of oxidation.  It seems certain that these results are 
comparable, because the rate of migration of anti-oxidants, from 
polyethylene to the surrounding medium is similar; rather than being due 
to the rate of oxidation being similar in water and in Arkopal. 
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All the markers directly related to oxidation showed that significantly lower 
amounts of oxidation had occurred than would be expected in brittle 
failures of pipes.  The hydroperoxide concentration showed a value of just 
0.217 for a brittle failure in Arkopal, but, in previously reported data for 
tests carried out in water, this concentration had been shown to be almost 
double this value. 
Although the results were not as expected, they still gave a good 
indication of the suitability of each of the markers.  The smaller changes 
seen over the total time to failure inflated the relative experimental 
uncertainty encountered.  This suggested that those markers which 
showed clear change when aged in Arkopal would also show a similarly 
clear differential when aged in water.  The most suitable markers were 
seen to be the OIT* and the hydroperoxide concentration. 
7.3 Samples Aged in Water 
A comprehensive study of FNCT samples aged in water was planned, but 
had to be significantly scaled back due to time constraints.  Only three 
samples were tested and none of these failed after 6 months (4230 hours), 
while tests at similar stresses had failed in 200 hours when aged in 
Arkopal solution. 
After these samples were removed from the ageing tanks, they were 
tested in a similar way to the samples aged in Arkopal.  The values 
obtained were significantly different than those of the samples aged in 
Arkopal, and were much closer to results previously reported.  This 
suggested that oxidation had occurred in these water aged samples, but 
not in those aged in Arkopal.  This was confirmed by appreciably higher 
values for crystallinity, carbonyl index and hydroperoxide concentration.  
These markers are all closely connected to the oxidation of the 
polyethylene, with carbonyl products and hydroperoxide ions being direct 
by-products of the reaction.  Therefore, the lack of these markers in the 
Arkopal samples shows that there was limited oxidation in these 
specimens. 
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When the results obtained for the water samples were compared to those 
seen for the samples aged in Arkopal, it became obvious that two different 
mechanisms of ageing must be occurring.  Chemical embrittlement 
through oxidation, which leads to chain scission, appears to be the ageing 
mechanism of water.  In contrast, the mechanism seen to occur in the 
Arkopal solution was disentanglement of the polymer chains promoted by 
the ageing medium itself.  Although only three results were obtained in 
water, they were significantly different to those samples aged in Arkopal.  
These observations, along with previously reported data, suggest that the 
two ageing mechanisms are different. 
The results did also show evidence of the acceleration of oxidation due to 
increased stress, regardless of the ageing medium used.  This would 
suggest that the pipes carrying the largest pressures and with the biggest 
amount of traffic loading, would be the first to fail.  Those subsequently 
identified as at higher risk of early failure, should be the first to be 
evaluated.  It would be expected that these pipes would show the smallest 
overall in-service life and should be given priority for monitoring. 
7.4 Recommended Method 
In Chapter 6 a recommended method was set out which involved a three 
phase approach and suggested possible values for the threshold amounts 
of the markers for certain actions to be taken.  The method was based on 
the findings obtained from individual characterisations of each marker, 
which were carried out in order to deem which was most suitable.  In 
Chapter 6 possible threshold values for PE100 were determined, however, 
it was thought that the methodology would be suitable for different blends 
of polyethylene with altered threshold values.  Further work would be 
needed to determine whether the method could be used for different 
polymers used as pipe material, or if minor alterations would be needed. 
The method suggests an initial OIT* measurement is made, as it has been 
seen that there is a significant time lag between a low OIT* value and 
brittle failure in water.  This lag would allow for the further tests to be 
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performed and any planning to be carried out well in advance of any 
failure; the lag has been suggested to be almost 80 years.  The approach 
of the method would mean that only once a sample had failed Phase One, 
would Phase Two be carried out.  A secondary part of Phase One would 
be to carry out FNCT in an environment that accelerates oxidation; this 
would allow further insight into the remaining life of the pipe. 
The second phase of the method is a hydroperoxide concentration test, if 
this value was seen to be over 0.5, then brittle failures would be expected 
imminently.  This would then allow for plans be made to replace this length 
of the pipe network and also for similar areas to be examined. 
Finally, a third phase would be used to obtain the carbonyl index and the 
molecular weight of all the pipe samples which had failed Phase Two.  
This would allow for a ranking list to be drawn up, where those pipes 
nearest to failure can be given replacement priority.  This would be 
especially useful if resources and time were limited.   
This three phase method requires more testing before it can be used 
confidently and the values suggested in section 6.3 need to be further fine 
tuned, so that they are more reliable. 
7.5 Recommendations for Future Work 
The findings of this research suggest that the following further 
investigations should be carried out.  It is hoped that these suggestions 
will improve general understanding about degradation of polyethylene, as 
well as other polymers used in water pipes, and the methods used to test 
the remaining in-service life of polyethylene pipes. 
7.5.1 Environment Used In Accelerated Testing 
The ageing environment used in this study was Arkopal.  However, 
through the research presented here it can assumed that Arkopal was not 
the best medium in which to perform ageing tests, as the mechanism of 
degradation has been shown to be different to that see in polyethylene 
aged in water.  Previous results have shown that the FNCT using Arkopal 
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can be useful in ranking the polyethylene blends resistance to SCG; 
however, this is the SCG caused by disentanglement rather than chain 
scission.  In future testing it would be best to use other chemicals for the 
ageing environment, chemicals which accelerate the oxidation process.  
Suitable choices are suggested in section 6.1.  Further tests would have to 
be carried out in order to make sure that these different chemical 
environments aged the polyethylene by the same mechanism as with 
water, and that oxidation is occurring rather than a different chemical 
reaction.  It may be the case that other chemical reactions also occur, 
however, if the predominant degradation mechanism was by oxidation, the 
ageing environment could still be used.  The suggested oxidising 
environments would allow tests to be done in a practical time and yet still 
show meaningful oxidation behaviour. 
The accelerating factor for the environment should also be obtained, this 
can be carried out by comparison of times to failure of FNCT samples 
aged in water and the chosen oxidising medium.  Times to other specific 
points should also be compared, such as time to a hydroperoxide 
concentration value of 0.5 and time to get to an OIT* value of 223.5°C, as 
these have been identified as the failing thresholds for Phases One and 
Two of the recommended method. 
There has also been evidence of using catalysts to increase the rate of 
oxidation of polyethylene in air.  Examining what the effects of these 
catalysts are in the oxidation of polyethylene in water may produce 
positive results.  These catalysts could then be used to accelerate the 
ageing process, reducing the time required for failure. 
7.5.2 Accelerated Test Used 
The results obtained for the small scale FNCT in water showed a 
reasonable correlation to larger scale tests, such as hydrostatic and loop 
tests.  However, it was thought that the final values for the three phases 
could be further improved by obtaining data from these long term tests.  
These tests take longer to perform, but more accurately replicate the 
conditions seen in pipes in-service.  A loop test set up, with the internal 
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medium as the chosen chemical environment, and an external medium of 
hot water, would seem to be the closest representation of the in-service 
conditions.  This would give more reliable values that can be used as the 
criteria required in the three phases outlined in the recommended method. 
These larger tests would obviously take more time to perform than the 
small scale tests, but, as the results have suggested that the end of Phase 
One for the oldest pipes currently in-service is still 30 years away, this 
would mean there would be sufficient time to perform these additional 
tests before a pipe reached a critical age.  Obtaining results which more 
closely represented the real in-service conditions would mean that the 
criteria applied to the three phases could be made more accurate, 
therefore only the pipes that require removing would be replaced. 
7.5.3 Tests of Other Chemical Markers 
The markers used in this investigation are not an exhaustive list of the 
possible markers which could be used.  Several different alternative 
markers have been suggested for overall lifetime prediction and these 
could be tested to see which could be used to predict the remaining life 
time of the pipes.  These were not tested in the project due to time 
constraints and so any insight they may give would be of interest for 
further study. 
The use of nuclear magnetic resonance (NMR) to investigate the 
molecular structure of the polyethylene would show more clearly the 
environment each carbon atom is in; any double bonds, branching and 
carbonyl build up would be easily identifiable from known chemical shift 
numbers (δ/ppm).  This method does require very expensive equipment 
and a skilled operator to analyse the spectra obtained, but would give a 
highly detailed insight into what degradation had occurred. 
Melt flow index (MFI) has also been used to investigate the degradation of 
polyethylene pipes.  It measures the mass of melted material which can 
pass through a pre-defined orifice in a set time.  As the number of longer-
chained, more tightly packed molecules present in the sample decreases, 
the MFI increases; shorter molecules, such as those produced from chain 
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scission events, flow more easily and therefore have a higher MFI.  A 
lower MFI relates to a higher strength of the polymer, due to the longer 
closer packed polymer chains. 
The use of IR spectroscopy has been used to examine polymer chemistry 
for several years.  Recent developments in 2D IR spectroscopy at Imperial 
College [121] would allow further and more detailed study of the chemical 
structure present.  This would allow an insight into the carbonyl 
compounds present and also where they appear in the structure; although 
this technology has not been used with polymers, it is thought that it could 
be adapted for this purpose. 
Mechanical tests, such as the Charpy test and tensile tests can be used to 
evaluate the mechanical properties, such as fracture resistance and 
extension to failure, of the polyethylene pipe.  Although these tests would 
require too much material to be used as markers, they could be used to 
relate the chemical degradation of the polyethylene to the correlating 
changes in mechanical properties.  This would help with the determining of 
appropriate criteria for the removal of pipes that were deemed to be near 
to failure. 
7.5.4 The Use of the Method with Other Materials 
Polyethylene is not the only polymer used in water supply networks; a 
study to see if the methodology described here would work for different 
materials would be highly beneficial to water utility companies.  Such 
different polymers include polyvinyl-chlorine (PVC) and polybutene (PB), 
both of which are used for water distribution, though PB is often only used 
in small scale applications.  From the initial research carried out for this 
study, many of the tests would be unsuitable for PVC due to its more 
complex chemistry; however, a different methodology could be 
investigated.  Investigation of the degradation of small scale PB pipes 
would also be beneficial and it may be possible for remaining life time to 
be determined, using a very similar method to that set out here. 
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